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 24 
Highlights: 25 
 A new conceptual framework for plant response to soil metals is proposed. 26 
 The framework is based on metal transporter kinetic parameters. 27 
 The validated framework applies to all plant parts and soil available metal levels. 28 
 A new terminology for metal tolerant plants is proposed based on the framework.  29 
 The framework may also apply to non-metal elements or ions. 30 
 31 
Abstract 32 
Based on a review of the literature, we have developed a functional conceptual framework of plant 33 
metal uptake in relation to plant available metal concentration in the soil. This framework applies to 34 
all plant parts and plant available metal levels in soils, and was validated using independent datasets 35 
from field surveys and the literature. 36 
This is the first framework based on metal transporter kinetic parameters and combining Michaelis- 37 
Menten (hyperbolic) kinetics facilitated by the High Affinity Transport System (HATS) for soil 38 
concentrations below the transition concentration between transport systems, and linear metal 39 
uptake facilitated by the Low Affinity Transport System (LATS) for higher soil available metal 40 
concentrations. 41 
We propose a new terminology for metal tolerant plants, i.e. metal tolerators, based on this 42 
framework. Depending on the plant available metal levels in the soil, tolerator responses to metals 43 
can be described best by either Vmax and Km for soil concentrations below the transition 44 
concentration between metal transport systems (HATS), or by the slope for greater soil 45 
concentrations (LATS). 46 
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This conceptual framework may be a useful tool for selecting suitable metal tolerators for specific 47 
phytoremediation purposes, and may be also applied to non-metal elements or ions. 48 
 49 
Keywords: metal transporter kinetics, HATS, LATS, plant metal responses, metal tolerator  50 
 51 
1. Introduction 52 
In order to maintain healthy metabolism, growth and development, all organisms including plants, 53 
need large amounts of macronutrient elements such as nitrogen, phosphate, potassium, sulfur, 54 
calcium and magnesium, and small quantities of many essential micronutrient ions including zinc, 55 
nickel, copper, manganese, iron, molybdenum, boron and chloride [1]. Excessive amounts, 56 
especially of these essential metal micronutrients, can cause symptoms such as abnormal growth, 57 
chlorosis and necrotic spotting and decrease plant growth or quality [1-3]. On the other hand, non- 58 
essential metals such as cadmium, lead and mercury and the metalloid, arsenic, are toxic at lower 59 
concentrations due to their disruption of enzyme functions, replacement of essential metals in 60 
pigments or generation of reactive oxygen species [4].  61 
The survival of plants in environments with either very low or elevated concentrations of potentially 62 
toxic elements has been a topic of interest to fundamental biologists (e.g., Baker and Proctor [5]; 63 
Bennett [2]) and also to environmental managers [6]. Therefore, it is important to have a clear and 64 
consistent means of describing the responses of different plant species to different environmental 65 
conditions. 66 
Similar to other organisms, plants have evolved with various mechanisms that maintain 67 
physiological concentrations of essential metal ions and reduce the effects of non-essential metals 68 
[7,8]. Metal homeostasis is attained via regulation of ion uptake and efflux, detoxification via 69 
complexation or transformation, intracellular compartmentation, such as vacuolar storage, and 70 
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intercellular transport to specialized cells [7,9-11], or by excretion [12,13]. Homeostasis depends on 71 
metal ion transport from the apoplast to the symplasm, mediated by membrane proteins with 72 
transport functions, known as transporters, as the ions cannot move freely across the lipophilic 73 
cellular membranes [8,13-15]. 74 
Uptake of metal ions by plants may be facilitated by four different types of transport systems 75 
depending on the external concentration of metal ions [16-18]. At low external ion concentrations, 76 
saturable ion transport systems, constitutive high affinity transport systems (CHATS) and inducible 77 
high affinity transport systems (IHATS) may be involved in ion influx [18-20]. For example, for 78 
nitrate, CHATS is constitutively expressed, has a high affinity for nitrate and transports at a low rate 79 
[21], whereas IHATS is induced by the presence of nitrate and has a higher uptake capacity [20]. 80 
Puig [22] concluded that, among a family of high-affinity Cu transport (COPT) proteins, COPT1 81 
facilitates Cu uptake by roots, COPT6 enables Cu distribution to the shoot, and COPT5 activates Cu 82 
mobilization from storage organelles. Abdin et al. [23] observed that sulfate uptake of Brassica 83 
juncea cv. Pusa Jai Kisan was improved by constitutive over-expression of a Lycopersicon 84 
esculantum sulfate transporter (LeST 1.1.) gene which encodes a high-affinity sulfur transporter in 85 
the root epidermis. Vert [24] and Connolly et al. [25] identified an iron transporter (IRT1) as an 86 
IHATS system responsible for high-affinity Fe uptake in Arabidopsis thaliana under iron 87 
deficiency conditions. Another IHATS transporter is NRAMP1 (Natural Resistance Associated 88 
Macrophage Protein 1), the main high-affinity Mn transporter in Arabidopsis which is stimulated by 89 
Mn deficiency [26].  90 
At high external ion concentrations, non-saturable constitutive low affinity transport systems 91 
(CLATS) and inducible low affinity transport systems (ILATS) may facilitate ion transport [18]. 92 
Wei et al. [27] identified the ILATS iron transporter TcNRAMP3 in Thlaspi caerulescens where it 93 
was induced by Fe-starvation and by the presence of the heavy metals Cd and Ni in the growth 94 
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medium. Nicolic et al. [18] observed in Arabidopsis that the NO3
- transporter NRT1.1. has an 95 
essential role in ILATS functions.  96 
Under nutrient sufficient conditions, constitutive absorption systems (CHATS and CLATS) play a 97 
key role in nutrient uptake, but under nutrient deficiency, inducible systems (IHATS and ILATS) 98 
increase the rate of transport of a particular nutrient [28].  99 
Numerous studies have shown that, in both plants and animals, metal uptake and transport by high 100 
affinity metal transport systems (HATS) generally follow Michaelis-Menten kinetics. Michaelis- 101 
Menten kinetics describe the rate of enzymatic reactions (V) as a function of the concentration of a 102 
substrate, [S], the maximum reaction rate reached by the system at saturating substrate 103 
concentration, Vmax, and the Michaelis constant, Km, which is the substrate concentration at which 104 
the reaction rate is half of Vmax [29,30].  105 
 V = Vmax.[S]/(Km +[S]). 106 
The smaller the Km value, the higher the affinity of transporters for the substrate, which means it 107 
needs less substrate to achieve half of Vmax and the enzyme is a more effective catalyst for the 108 
reaction [31]. The transport of macronutrients is well described by this relationship. For example, 109 
Cerezo et al. [32] identified a high affinity nitrate transport system (HATS) which displays 110 
Michaelis–Menten kinetics functions at [NO3-] lower than 1000 µM. The HATS appeared to be 111 
substrate inducible (IHATS) since NO3
- influx as well as net uptake rate increased substantially 112 
when NO3
- was supplied after a period of NO3
- starvation [32]. 113 
Michaelis-Menten kinetics also apply to micronutrient elements. Pedas et al. [33] showed that 114 
kinetic parameters for high-affinity root Mn2+ influx in 10-day-old plants of the Mn-efficient (the 115 
genotype which effectively uses Mn to produce high yield) barley genotype Vanessa (Vmax= 116 
0.0054±0.0010 µmol Mn g root DW-1 h-1) exceeded those of the Mn-inefficient genotype Antonia 117 
(Vmax= 0.0014±0.0004 µmol Mn g
 root DW-1 h-1) at external Mn concentrations below 0.13 µM, 118 
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although there was no significant difference in Km (0.0054±0.0018 and 0.0027±0.0016 µM, 119 
respectively).  120 
The metalloid As is a P-analog, and enters plant roots as arsenate As(V) on a phosphate-transport 121 
protein [34-36]. As(V) influx can be described by Michaelis-Menten kinetics and the parameters 122 
Vmax and Km were lower in the As hyperaccumulating species Chinese brake fern (Pteris vittata L.) 123 
(0.1200±0.0180 µmol As g root DW-1 h-1 and 1.1000±0.3000 µM, respectively) than in a non- 124 
accumulating fern (Nephrolepis exaltata L.) (0.144±0.0200 µmol As g root DW-1 h-1 and 125 
9.9000±2.0000 µM, respectively), indicating higher affinity of the transport protein for arsenate, 126 
although phosphate inhibited arsenate influx in a directly competitive manner [35].  127 
Cohen et al. [37] also demonstrated Cd2+ influx in roots of Fe-deficient pea (Pisum sativum L. cv. 128 
Sparkle) seedlings displaying Vmax around 2.36±0.25 μmol Cd g root DW-1 h-1 and Km around 129 
1.5±0.6 μM, and in roots of Fe-sufficient pea seedlings exhibiting Vmax around 0.34±0.08 μmol Cd 130 
g root DW-1 h-1 and Km around 0.6±0.09 μM. 131 
Similarly, Lasat et al. [38] also observed a saturable component of Zn influx in the Zn 132 
hyperaccumulator Thlaspi caerulescens (Vmax of 2.7 μmol Zn g root DW-1 h-1 and Km of 8 μM) and 133 
non-accumulator T. arvense (Vmax of 0.6 μmol Zn g root DW-1 h-1 and Km of 6 μM,) that followed 134 
Michaelis-Menten kinetics. 135 
At higher external concentrations, the rate of ion uptake in plants normally increases linearly with 136 
increasing substrate concentrations [21,39]. Cerezo et al. [32] stated that a constitutive low affinity 137 
transport system (CLATS) which displayed linear kinetics, plays a major role in the uptake rate of 138 
the macronutrient NO3
- at external concentration higher than 1000 µM. Similar conditions have also 139 
been observed by Cerezo et al. [40] in Cleopatra mandarin and Troyer citrange seedlings at NO3
- 140 
concentration between 1000 and 10,000 µM.  141 AC
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Pedas et al. [33] observed that, over the low affinity concentration range (> 0.13 μM), influx of the 142 
essential micronutrient Mn was similar between Mn-efficient (Vanessa) (regression intercept at 143 
2.0440 µmole Mn g root DW-1 h-1 and slope of 0.0105 µmole Mn g root DW-1 h-1 µM-1) and Mn- 144 
inefficient (Antonia) (regression intercept at 1.6607 µmole Mn g root DW-1 h-1 and slope of 0.0081 145 
µmole Mn g root DW-1 h-1 µM-1) 10-day old barley genotypes, showing linear kinetics (calculated 146 
from authors’ data). Pedas et al. [33] concluded that the uptake rates of Mn by LATS would 147 
certainly cause Mn toxicity if sufficient Mn was present for a few hours and if there was no system 148 
to facilitate efflux. Cohen et al. [37] also demonstrated linear Cd influx kinetics of Fe-deficient and 149 
Fe-sufficient pea seedlings over a low affinity concentration range (> 10 µM), and both sets of 150 
seedlings showed similar slope values of 0.0670±0.0035 µmole Cd g root DW-1 h-1 µM-1 for Fe- 151 
deficient roots and 0.0530±0.0013 µmole Cd g root DW-1 h-1 µM-1 for Fe-sufficient roots, but 152 
different regression intercept values of 2.55 and 0.30 µmole Cd g root DW-1 h-1 (calculated from 153 
authors’ data), respectively.  154 
At concentrations > 100 μM, Meharg and Macnair [34] showed linear trends of As influx in roots of 155 
tolerant and non-tolerant genotypes of Holcus lanatus L. with similar slope values of 0.0003 and 156 
0.0002 µmole As g root DW-1 h-1 µM-1 respectively (calculated from authors’ data). However, the 157 
intercept values were significantly different, 0.1660 and 1.4017 μmole As g root DW-1 h-1, 158 
respectively (calculated from authors’ data) [34]. 159 
Metal ion uptake kinetics are typically determined after exposure of plants to experimental 160 
conditions for several days [26,33,41]. It is hypothesized that plants grown in the field on substrates 161 
with different available metal ion concentrations will show similar patterns of ion uptake over an 162 
entire growing season and similar ion transporter kinetics as do plants grown in experimental 163 
systems for shorter periods of time. It is proposed that available metal concentration in the soil 164 
varies with soil water content but that it can be integrated over time in the same way that metal 165 
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concentration in a plant part can represent the integral of uptake rates over a growing period. It is 166 
proposed that, at the level of the whole plant part and the bulk soil sample, each component can be 167 
regarded as an internally uniform system for the purpose of explaining material transfers at its 168 
boundaries.  169 
Based on this review of the literature, the aims of the present paper were: i) to identify new key 170 
parameters for the characterization of metal-tolerant plants (metallophytes) that might have been 171 
omitted from current metallophyte classifications [27,32], and ii) to propose a new improved 172 
metallophyte classification incorporating these metal uptake parameters. In the absence of direct 173 
information on metal transporter parameters for the vast majority of native plant species anywhere 174 
in the world, it is important to establish from field collections of plant material whether their quasi- 175 
equilibrium concentrations of metals in different plant parts can be used to indicate the order of 176 
magnitudes of these metal uptake parameters. This latter objective will be tested initially on native 177 
plant species in Queensland, Australia. 178 
 179 
2. Materials and methods 180 
2.1 Plant and soil sample collection and treatment 181 
Plant and soil samples were collected from serpentine and metal contaminated mine sites in 182 
Queensland (Australia). Thirty-eight plant species were collected from Ridgelands & Rockhampton 183 
and Marlborough districts in Central Queensland (the largest serpentine area in Australia), 2 plant 184 
species from Mt. Morgan (an abandoned gold mine) and 3 plant species from Cracow (an operating 185 
gold mine) mine sites (Table 1 and Appendix) between 2007 and 2008. Overall, 43 plant species 186 
were collected including grasses, trees and shrubs belonging to the Cyperaceae (4), Mimosaceae 187 
(7), Myrtaceae (12), Poaceae (17) and Thymelaeaceae (3) families. 188 AC
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For each plant sample, leaves and, when accessible, roots which belonged to the same plant and 189 
senescent leaves were placed between layers of clean and metal-free-paper for drying and transport 190 
to the laboratory. The samples were then air dried, wiped clean of dust and separated into young or 191 
older leaves, senescent leaves and roots. All samples collected were cut into small pieces.  192 
Representative composite surface soil samples (top 10 cm) were collected in close proximity to the 193 
plant species. Each composite soil sample was placed into a carefully labelled plastic zip-lock bag 194 
for transport to the laboratory for further treatment. The soil samples were then air dried at room 195 
temperature until constant weights were reached.  196 
Sampling GPS coordinates were recorded for each plant species collected, and plant species were 197 
identified by staff from the Queensland Herbarium (Brisbane, Australia). 198 
 199 
2.2 Soil analysis 200 
Each air-dried composite soil sample was ground with a mortar and pestle and passed through a 2- 201 
mm polyethylene sieve. The samples were then analysed for total soil metals and soil plant 202 
available metals. 203 
For total metal determinations, each composite soil sample was reduced to fine particles using a ball 204 
mill (Planetary Ball Mills PM 200, RETSCH, Germany) at 650 rpm for 1 min. Then, 0.15 - 0.2 g of 205 
each soil sample was weighed into three acid digestion tubes to form three replicates. Metal-free 206 
acids (5 mL nitric acid 70% from Labscan Asia Co. Ltd., Bangkok, 2 ml hydrochloric acid 32% and 207 
2.5 mL hydrofluoric acid 50% from Ajax Finechem, Australia) were added to each sample replicate 208 
which was then heated in a microwave digester (MDS-200, CEM Corporation) at 120 atm (12.16 209 
MPa) and 185 ˚C for 30 minutes. Each replicate of digested sample was transferred into 50-mL 210 
polypropylene conical tubes and boric acid ≥ 99.5% (ACS Reagent, Sigma Aldrich) was added as 211 
needed to minimize flocculation of the solution. The samples were then diluted with triple deionised 212 
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water (TDI) up to either 30 or 35 mL. The samples were shaken well and then 10 mL of diluted 213 
samples were transferred into 10-mL Polypropylene Transparent (PPTR) tubes for inductively 214 
coupled plasma optical emission spectroscopy (ICP-OES) analysis of Al, Ca, Cu, Fe, K, Mg, Mn, 215 
Na, P, S, and Zn. The samples were diluted a further 10 times prior to inductively coupled plasma 216 
mass spectrometry (ICP-MS) analysis of Hg, Cr, Co, Ni, As, Se, Cd, Pb, Mo and Au. A USA 217 
National Institute Standard and Technology (NIST, 2003) Standard Reference Material (SRM) 218 
(2709 San Joaquin soil) which has certified values for most of the metals was used to verify the 219 
measurements. For NIST, 0.15 - 0.2 g of the NIST was weighed into three acid digestion tubes to 220 
create three replicates. Then the NIST replicates were digested and analysed following the same 221 
procedure as for the soil samples. 222 
Plant availability of metals in soils was measured via 0.01 M calcium chloride (CaCl2) extraction 223 
using CaCl2.2H2O (Ajax Finechem, Australia) [42]. Four grams of each composite soil sample 224 
(<2mm diameter size) were added to three polypropylene conical tubes to produce three replicates, 225 
followed by 40 mL of 0.01M CaCl2 solution were added to produce a 1:10 soil : 0.01M CaCl2 226 
suspension. The samples were placed in a Heidolph ReAx shaker at 40 rpm and room temperature 227 
for 3 hours to extract metals, then centrifuged for 5 minutes at 4000 rpm. After centrifugation, 10 228 
mL of the solutions were transferred in a 10-mL PPTR tube and 250 µL of 70% concentrated nitric 229 
acid were added to each sample in order to maintain low pH and metal solubility. The samples were 230 
stored below 4˚C until analysis of plant available metals via ICP-OES was performed. 231 
 232 
2.3 Plant analysis 233 
For all plant samples, three replicates of 0.15 – 0.2 g of each plant part was weighed into three acid 234 
digestion tubes. Samples were then digested and analyzed for total metal concentrations following 235 
the procedure described for soil samples (in section 2.2). Samples were then heated in a microwave 236 
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digester, transferred into a 50 mL polypropylene conical tube and boric acid was added to the 237 
solution in a similar way as for soil samples. Samples were then diluted with triple deionised water 238 
(TDI) up to 35 mL and shaken well. Thirty milliliters of the solution was transferred into 10-mL 239 
PPTR tubes for ICP-OES analysis of metals. Samples were then diluted a further 10 times prior to 240 
ICP-MS analysis of metals. A sample of NIST Certified Plant Material (1547 Peach leaves) was 241 
used to calibrate the measurements. The NIST sample had certified values for most of the metals 242 
analysed in this study. Treatment for plant NIST was conducted through the same procedure as for 243 
the plant samples. 244 
 245 
2.4. Assessing possible plant sample contamination 246 
Plant samples taken for chemical analysis might be contaminated in two ways: i) physical or surface 247 
contamination of samples which arises before, during and after sampling but before the analytical 248 
process begins; and ii) chemical or laboratory contamination which can occur during sample 249 
analysis [43]. 250 
 251 
2.4.1 Physical or surface contamination of plant samples 252 
There is always the possibility of surface contamination of plants samples by fine dust from soil or 253 
other sources which contain very much higher concentrations of many elements than do the plants 254 
themselves [43-46]. In our study, all plant samples were subjected to surface decontamination prior 255 
to analysis. Leaf, stem and root surfaces were gently but thoroughly wiped with clean dry cellulose 256 
tissues (Kimwipes, Kimberly-Clark) to remove any residual materials including dust and soil 257 
particles. Samples were not washed as this is both ineffective for soil removal [47,48] and it can 258 
either leach target trace elements from plant tissue [47,48] or add elements to the tissue [47], further 259 
distorting the estimated tissue concentrations [48]. For example, washing citrus leaves with aqueous 260 
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solution of 0.1% v/v detergent followed by a rinse in deionized water caused significant reductions 261 
of 67.2%, 48.4% and 44.7% of Fe, Mn and Zn respectively, and moderate reductions of 8.9% of Cu 262 
[47,49]. 263 
 264 
2.4.2 Chemical or laboratory contamination 265 
During chemical and laboratory analysis, measurable quantities of elements or compounds being 266 
analysed may be introduced to the sample from various external sources, including from the 267 
laboratory atmosphere, the reagents and the apparatus used, and the analyst performing the analysis 268 
[50,51]. In our study, samples were prepared in a clean air-conditioned laboratory environment 269 
using non-metallic equipment to avoid metal contamination, such as clean glassware and 270 
polyethylene tubes. Reagents used were metal-free analytical grade nitric acid 70% (Labscan Asia 271 
Co. Ltd., Bangkok), hydrochloric acid 32% (Ajax Finechem Pty Ltd., Australia) and hydrochloric 272 
acid 50% (Ajax Finechem Pty Ltd., Australia). Blank correction was used to accurately determine 273 
the total amount of each element in a sample [43]. Standard Reference Materials (SRM) from the 274 
National Institute of Standards and Technology (NIST) were also used to evaluate the reliability of 275 
analytical methods [47]. By using the blank and the reference standards to verify analytical results, 276 
it is considered that any contamination that might have been introduced during laboratory analysis 277 
was eliminated [47].  278 
 279 
2.4.3 Indicators of residual soil on plant samples 280 
Various indicator elements have been used in the literature to monitor possible soil contamination 281 
of plant samples on the basis that these elements are abundant in soil but not in plants [48,52]. 282 
Therefore, sensitive indicators should present high soil/plant ratios, although precautions must be 283 
taken when using these ratios on samples of metallophytes taken from metal rich areas such as 284 
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metalliferous mine sites, ultrabasic, ultramafic and serpentine geological areas [43]. Indicators that 285 
have been used previously to assess possible soil contamination include titanium (Ti) [48,53-57], 286 
chromium (Cr) [43], aluminium (Al) [53,54], iron (Fe) [53,55,56], silicon (Si) [58] and scandium 287 
(Sc) [46]. 288 
Titanium has been used most extensively as a soil contamination indicator for plant samples 289 
[48,53,54,57] because of its low concentration (less than 3 mg.kg-1) in plants and the large (10,000 290 
to 500,000) soil : plant concentration ratio [43,56]. In addition, Cook et al. [48] stated that Ti was 291 
considered a valid soil contamination indicator because there are three sources of Ti associated with 292 
plant samples, namely contamination during laboratory processing, vascular uptake via roots and 293 
field soil residue on shoot surfaces. These authors surveyed soil and plant caesium (Cs) using Ti as 294 
soil contamination indicator and found that the concentration of Ti in leaf samples was likely to be 295 
increased by 4 mg.kg-1DW through milling and by another 5 to 6 mg.kg-1DW from reagents and 296 
labware. Root uptake accounted for 5 mg.kg-1DW of Ti in Crepis acuminata Nutt. seedling shoot 297 
tissues while dust applied to the shoot surface resulted in an eleven-fold increase in Ti concentration 298 
in the leaf samples. Cook [52] and Cook et al. [48] observed a strong relationship between Cs and 299 
Ti in shoot samples, and that higher Cs concentration in plant is caused by soil contamination and 300 
not uptake, suggesting Ti is a good indicator of soil contamination. Mayland and Sneva [56] used a 301 
Ti dilution technique to determine the effect of soil contamination on the mineral composition of 302 
forage fertilized with nitrogen and found that iron (Fe) concentrations were unexpectedly high and 303 
were presumed to be associated with dust on the leaves. Although Ti is present in soils, its 304 
accumulation in leaf tissues is uncommon, and leaf concentrations exceeding 100 mg.kg-1DW are 305 
likely to be due to soil contamination [55]. Titanium has also been used as a soil contamination 306 
indicator in micronutrient analyses of wheat and rice [57], and pasture [58]. However, the use of Ti 307 
as a soil contamination indicator is valid only if the analytical sensitivity is similar for each of the 308 
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elements [56]. The concentration of Ti may vary with soil particle size and extraction or 309 
solubilisation of soil and plant samples should use the same procedures to account for similar 310 
solubilities in the soil and dust fractions [56].  311 
Chromium (Cr) is one of the most abundant metals in the earth’s crust [59-61] with an average 312 
concentration of 100 mg Cr.kg-1 in soil [62]. In ultramafic rocks, Cr content can often exceed 1,000 313 
mg.kg-1 and sometimes 100,000 mg.kg-1 [62]. In plants, Cr occurs mainly in roots [62,63], with 314 
shoot/root concentration ratios about 0.01, [63,64] and for both Cr(III) and Cr(IV) species in 315 
vegetables [65]. Leaves of plants grown on low-Cr soils generally had Cr concentrations less than 316 
0.2 mg.kg-1 DW and often less than 0.1 mg.kg-1 DW [63]. Unsurprisingly, plants grown on high-Cr 317 
soils had higher Cr concentrations, although some of this could be attributed to soil contamination 318 
[63]. Under normal conditions, Cr concentration in plants is less than 1 mg.kg-1 DW [66] and it is 319 
considered to become toxic between 5 and 30 mg.kg-1 DW [62].  320 
Aluminium (Al) indicates possible soil contamination in plant samples [57,58]. Ranging between 1 321 
and 4% in soil [62], it is more abundant than Fe [67]. However, because Al is not readily taken up 322 
by plants [67], it can be used as an indicator of soil contamination for most plants [43,56,57,67]. A 323 
high concentration of Fe with a correspondingly high concentration of Al (or Ti) in food crops may 324 
indicate contamination [68]. Mitchell [43] concluded that samples of Al non-accumulating plants 325 
may be considered soil contaminated if soil: plant Al concentration ratio was less than 1,000:1. 326 
However, some metallophyte species may accumulate high concentrations of Al in their tissues 327 
without any signs of toxicity [54,69], such as Melastoma malabathricum L. (Al accumulator) which 328 
stores more than 10,000 mg Al.kg-1 DW in its leaves and roots [70]. Threshold concentrations 329 
between endogenous (absorbed by the plant) and exogenous (external contamination, such as by 330 
dust) Al have been identified as 70, 100 and 120 mg.kg-1 leaf DW for grass, clover, or other 331 
herbage, respectively [58], and Al concentration in leaves of most plant species as less than 200 332 
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mg.kg-1 DW [69]. Metson et al. [58] found that there was a reasonable agreement between soil 333 
contamination estimated from Al and Fe values although in some cases, values resulting from Fe 334 
was significantly higher than those from Al. Yasmin et al. [67] concluded that Fe contamination on 335 
milled wheat seeds can be corrected by adjusting the Fe concentrations based on the concentration 336 
of Al in the grain.  337 
Iron has also been suggested as an indicator of plant sample contamination [56,58]. The common 338 
range of Fe in soils is between 0.1 and 10% and contents of easily soluble and exchangeable 339 
fractions of Fe are very low in comparison with the total Fe content, about 0.01 to 0.1% of the total 340 
Fe [62]. Mean Fe concentrations range from 43 to 376 mg.kg-1 DW in forage grasses and from 117 341 
to 400 mg.kg-1 DW in clover [62]. Foliar Fe concentrations exceeding 500 mg.kg-1 DW can be 342 
considered toxic [55,71]. Mayland and Sneva [56] studied the effect of soil contamination on the 343 
mineral composition of forage fertilized with nitrogen (N) calculated from the dilution of soil Ti 344 
and Fe (assuming that the uncontaminated tissue contained 0 mg Ti.kg-1 DW and 80 mg Fe.kg-1 345 
DW) and found that element concentrations in forage tissues calculated by Fe procedure are similar 346 
to those calculated by Ti procedure. However, the authors argued that N fertilizer increased Fe 347 
concentrations in the plant tissue [43]. Iron is considered as a good indicator as it has a soil/plant 348 
ratio of 50,000/100 (i.e. 500) and its content in the plant is readily affected by soil contamination 349 
[43]. However, as pH significantly affects forage Fe uptake, the effectiveness of Fe as indicator of 350 
soil contamination is reduced, especially for plant grown on soil with different pH [56,58]. In 351 
addition, Metson et al. [58] argued that because uptake of Fe by plants is variable, Fe is a less useful 352 
indicator of soil contamination compared to Al and Ti. Similar to Ti, the concentration of Fe may 353 
also vary with soil particle size and extraction or solubilisation of soil and plant samples should use 354 
the same procedures to account for similar solubilities in the soil and dust fractions [56]. 355 AC
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Scandium (Sc) has also been used as an indicator of soil contamination [46]. Average contents of Sc 356 
in soils worldwide range between 1.5 and 16.6 mg.kg-1 [62]. Scandium cannot be taken up actively 357 
by plants [72] and the commonly reported range for Sc in various plants (leaves) is 0.002–0.25 358 
mg.kg-1 DW [62]. Scandium was successfully used by Ferrari et al. [46] to evaluate surface 359 
contamination of leaves from Atlantic Forest, and to correct and calculate intrinsic concentrations of 360 
cobalt (Co), caesium (Cs), potassium (K) and zinc (Zn) without contamination influence in leaves. 361 
However, for other elements such as Fe, this correction technique was found to be very poor [46]. 362 
Silicon (Si) is another indicator of soil contamination. However, its usefulness has been criticized 363 
because its uptake by plants is rather variable and it is a major constituent of graminaceous plants 364 
[58,62,73]. Kabata-Pendias and Mukherjee [62] found that mean Si contents range between 0.3 and 365 
1.2% DW in grasses and from 0.05-0.2% DW in leguminous. In sedges, nettles, horsetails and 366 
diatoms, Si concentrations can be up to >10% DW.  367 
Soil contamination indicators have been ranked in order of sensitivity using soil/plant ratios (Table 368 
2, and the most effective indicators are Ti>Cr>Al>Fe [43]. 369 
Although residual contamination of our plant samples by soil was expected to be very low given 370 
that i) at the time of collection in the field, all leaf samples were collected well above soil surface, 371 
and ii) all material including roots was thoroughly cleaned prior to laboratory analysis, all samples 372 
were assessed for possible soil contamination using three sensitive indicators, Cr, Al, and Fe (Table 373 
3). Titanium was not employed in this study as the elements Al, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, 374 
and Zn were analysed via inductively coupled plasma optical emission spectroscopy (ICP-OES) and 375 
the elements Hg, Cr, Co, Ni, As, Se, Cd, Pb, Mo and Au were analysed via inductively coupled 376 
plasma mass spectrometry (ICP-MS). Therefore, the analytical sensitivities were not identical for all 377 
the elements [56]. The ranges of lowest observable adverse effects concentrations (LOAECs) in 378 
Table 3 were derived from the species for which information was available. The threshold metal 379 
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concentration in roots or leaves in Table 3 was set at 20 per cent above the highest LOAEC for the 380 
relevant attribute.  381 
As described in Table 3, samples of Cr non-accumulating plants were considered contaminated 382 
using Cr as an indicator when Cr concentration in leaves exceeded 36 mg.kg-1 DW; soil/plant ratios 383 
of Cr were less than 2,000 [43]; and shoot/root ratio of Cr exceeded 0.01 [63,64].  384 
Samples of Al non-accumulating plants were considered contaminated using Al as an indicator 385 
when Al concentration exceeded 240 mg.kg-1 DW in leaves and 1,440 mg.kg-1 DW in roots [57,67]; 386 
soil/plant ratios of Al were less than 1,000 [43]; and shoot/root ratio of Al exceeded 0.1 [74].  387 
Samples of Fe non-accumulating plants were considered contaminated using Fe as an indicator 388 
when Fe concentration exceeded 600 mg.kg-1 DW in leaves (i.e. 20% above the 500 mg.kg-1 DW 389 
foliar toxicity threshold of Marschner [55,71] and 9,600 mg.kg-1 DW in roots; and soil/plant ratios 390 
of Fe were less than 500 [43]. 391 
A working rule was adopted whereby a plant sample was deemed to be contaminated by soil if the 392 
concentrations of the indicator elements (Al, Fe and Cr) all exceeded their respective concentration 393 
thresholds (Table 3). Based on this rule, 21 out of 318 samples of the 43 plant species that were 394 
analysed as part of this study were considered potentially contaminated by soil and data collected 395 
from these samples were excluded from subsequent analyses. 396 
 397 
3. Data analysis 398 
For field collected samples, data were presented as means and standard errors of three replicates for 399 
metal content in plants and soils. For determination of kinetic parameters, each data point 400 
represented each sample replicate (for field collected data) and between 2 to 27 replicates (for data 401 
obtained from the literature). 402 AC
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Unit conversions of the literature data were performed when necessary for uniformity of units 403 
throughout the study. Conversion of solution molar concentrations to soil dry weight concentration 404 
requires an assumption of soil water content. This fraction varies widely, from 1 to 30% (w/w), but 405 
during active plant growth in most soils it is between 10 and 20% (w/w) [77]. A soil water content 406 
of 15% (w/w) was assumed for the period of active plant uptake [78] and was applied to field 407 
collected data and to the literature data (if required) when converting units of transition 408 
concentrations between high and low affinity metal transport systems. 409 
Arsenic, Au, Cr, Co, Cd, Hg, Mo, Pb and Se are normally found only at low concentrations in the 410 
environment, so their concentrations in plant parts were expected to be low. These elements are 411 
normally measured by ICP-MS, which has a higher analytical sensitivity than ICP-OES. However, 412 
plant-available metals in soil samples were extracted by CaCl2, and its high concentration in the 413 
extractant precluded the use of the more sensitive ICP-MS. The dependence on the low analytical 414 
sensitivity of ICP-OES meant that As, Au, Cr, Co, Cd, Hg, Mo, Pb and Se were omitted from 415 
further analysis, which focused only on Al, Cu, Fe, Mn, Ni and Zn. 416 
Uptake parameters determined from field collections assume that they are made from plant 417 
materials of uniform age. This uniformity may be achieved by classifying leaves into age cohorts 418 
(e.g., fresh, live or senescent) and determining uptake parameters independently for each cohort. 419 
Material from these different cohorts may be expected to have different final metal concentrations 420 
and different apparent uptake parameters if they are assessed against a common uptake period. 421 
For grass species collected in central Queensland, it can be assumed that live leaves were produced 422 
during a 3- to 4-month summer growing season, and that senescent leaves had maintained active 423 
metal uptake for a similar period of time. As a result, it would be expected that when metal uptake 424 
ceased on leaf death, the concentrations in leaves would remain approximately constant or could 425 
possibly decline due to leaching or volatilisation.  426 
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For dicotyledonous (evergreen) species, many that occur in central Queensland retain leaves for 427 
approximately one year, with one-year-old leaves being shed soon after the initiation of a new 428 
season’s growth (authors’ observations). Low soil water contents during the dry season are also 429 
associated with markedly reduced transpiration and commensurately limited nutrient and metal 430 
uptake. Therefore, dicotyledonous species collected after the end of the major growing season 431 
would be expected to have foliar metal concentrations that reflected their growing season 432 
conditions. 433 
For these reasons, it is argued that foliar metal concentrations in field-grown plants reflect the plant 434 
available metal concentrations in the soil, a parameter that is determined at a nominal soil water 435 
content of 15 % (w/w), which represents growing season rather than dry season conditions. 436 
 437 
4. Results 438 
4.1 Conceptual framework for plant metal uptake from soils 439 
Based on a review of the literature, we have developed, for the first time, a functional conceptual 440 
framework of plant metal uptake in relation to plant available metal concentration in the soil (Fig. 441 
1). This framework applies to all plant parts, and not only leaves. 442 
The framework combines saturable Michaelis-Menten kinetics (HATS) and linear metal uptake 443 
(LATS). Two constitutive systems operate in non-induced plants: a constitutive high-affinity 444 
transport system (CHATS) at low external concentration of metals, a constitutive low-affinity 445 
transport system (CLATS) at high external metal concentration (≥ transition concentration between 446 
transport systems). When plants are induced by exposure to certain concentrations of metals, plant 447 
uptake increase over the whole range of concentrations. An inducible high-affinity transport system 448 
(IHATS) approaches Michaelis-Menten kinetics up to concentrations below the transition 449 AC
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concentration between transport systems. At greater concentrations, a putative inducible low- 450 
affinity transport system (ILATS) is activated and dominates metal uptake into plants.  451 
We propose that five parameters can be used to describe metal uptake in plant parts grown in 452 
solution in controlled laboratory conditions. Depending on the uptake components, maximum 453 
uptake rate (Vmax) of metal and affinity of transporters (Km) are calculated for both high affinity 454 
components, while the slopes and intercepts are calculated for the linear components. Transition 455 
concentration between transport systems occurs where constitutive or inducible low affinity 456 
transport systems dominate the uptake and show linear pattern at high external metal concentrations 457 
(Fig. 1). Vmax determines the extent of metal accumulation in plant parts while Km is the affinity of a 458 
plant part for the metal. Thus, the lower the Km of a plant part, the higher its affinity, resulting in 459 
preferential accumulation of the metal in that plant part. The linear slopes of the low affinity 460 
transport systems reflect the extent of accumulation in each plant part over a given time period at 461 
high external metal concentrations. At extreme soil metal concentrations, plant metal uptake control 462 
mechanisms break down and unrestricted transport occurs, leading to plant toxicity symptoms and 463 
eventually plant death.  464 
We propose further that for field collected plants, time-integrated metal uptake rates can be 465 
expressed as concentrations, so that Michaelis-Menten and linear uptake kinetics can be used to 466 
describe the relationships between metal concentrations in field-collected plant parts and available 467 
metal concentrations in the soil. For field-grown material, there is no means to separate the induced 468 
and non-induced uptake, so the field responses reflect the combination of the two processes. 469 
 470 AC
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We suggest new terms for the classification of metallophytes according to their accumulation 471 
characteristics. Plants that grow and survive in soils that are toxic to other plants without displaying 472 
any toxicity symptoms are called metal “tolerators”. These plants have evolved various mechanisms 473 
of tolerance that regulate and detoxify metals in different cellular compartments in shoots/leaves 474 
and/or in roots and/or that limit transport of metals to sensitive plant parts. There are three types of 475 
tolerators: i) shoot or leaf tolerators, ii) root tolerators, and iii) shoot/leaf-root tolerators. A shoot or 476 
leaf tolerator is defined as a plant species that primarily accumulates metals in its leaves or shoots 477 
compared to the roots. In contrast, a root tolerator is a plant species that limits metal transport into 478 
aboveground tissues and stores metals mainly in its roots compared to the shoots/leaves. A plant 479 
species is defined as a shoot/leaf and root tolerator if accumulation of metals occurs in both its 480 
aerial and belowground parts. 481 
Depending on the plant available concentrations of metals in the soil, tolerator responses to metals 482 
can be described best by either Vmax and Km for soil concentrations below the transition 483 
concentration between transport systems (HATS), or by the slope and intercept for soil available 484 
metal concentrations greater than the transition concentration between the two transport systems 485 
(LATS) (Fig. 1). 486 
Table 4 describes element (plant essential and non-essential) transporter kinetic parameter values in 487 
plants collected from the literature, in relation to their metal tolerance characteristics (for metal 488 
elements). Most studies were found to relate to HATS and studies on LATS were scarce (Table 4). 489 
Studies on uptake kinetics of Zn by Zn-hyperaccumulator species Thlaspi caerulescens and non- 490 
accumulator species T. arvense showed that influx of Zn into roots of the former species was higher 491 
than the latter species after 20 minutes of exposure to Zn in solution at up to the transition 492 
concentration between transport system of 100 M, with Vmax of T. caerulescens being 4.5-fold 493 
greater than T. arvense [38] (Table 4). Other studies showed influx of As(V) into whole plants of 494 
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the As-hyperaccumulator fern Pteris vittata and the non-accumulator fern Nephrolepis exaltata 495 
(Table 4). Both species had similar Vmax values either without or with 30 μM Phosphate, but the Km 496 
of the non-accumulator species N. exaltata were 9 and 3 times greater, respectively, than that of the 497 
hyperaccumulator species P. vittata [35]. 498 
 499 
4.2 Conceptual framework validation using field survey of Queensland native plant species 500 
In this section, we focus on six metals (Al, Cu, Fe, Mn, Ni and Zn) that are generally found to be 501 
abundant in metal-enriched areas. There were poor correlations between total metal concentration 502 
and plant available metal concentration in soils (Table 5). For example, total concentration of Mn in 503 
the serpentine area of Rockhampton (Site 1/2) and the Cracow mine (Site WTP237) were 2453±59 504 
and 1659±17 mg total Mn.kg-1 soil DW but availabilities of the metal in those sites were 505 
11.66±0.10 and 48.64±0.63 mg plant available Mn.kg-1 soil DW, respectively, or only 0.48±0.01 506 
and 2.93±0.05 % of the total, respectively. In contrast, total Mn concentration in Mt. Morgan mine 507 
(Site Mor-1) was 208±6 mg total Mn.kg-1 soil DW but its availability was high (12.35±0.27 mg 508 
plant available Mn.kg-1 soil DW) or 5.96±0.21% of the total. Similarly, total soil Ni concentrations 509 
in two different sites of serpentine areas of Rockhampton were 2030±23 and 5732±527 mg total 510 
Ni.kg-1 soil DW for Sites 1/2, and 2/4, respectively, but plant available Ni concentrations were 511 
31.49±0.04 mg Ni.kg-1 soil DW (1.55±0.02%) and 7.73±0.19 mg Ni.kg-1 soil DW (0.14±0.01 %), 512 
respectively (Table 5). Overall, only small fractions of total metals in soil samples collected from 513 
43 sites in serpentine areas of Rockhampton and Cracow and Mt. Morgan mines in central 514 
Queensland, Australia, were available for plant uptake. 515 
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Our field survey of plant available concentrations of Al, Cu, Fe, Mn, Ni and Zn in soils confirmed 517 
that the proposed metal uptake conceptual framework (Fig. 1) is valid for determination of the 518 
distribution of metals within plants. Plant available Al, Fe, Mn and Ni at all sites, Cu at two sites 519 
and Zn at one site were above the transition concentrations between high-and low-affinity transport 520 
systems. Therefore, distributions of Al, Fe, Mn and Ni within plants were expected to be facilitated 521 
by LATS. For these metals, uptake slope, intercept and coefficient of determination (R2) were 522 
determined (Table 6). It is relevant that linear regressions explained a high proportion of the 523 
variation in tissue metal concentration for almost all associations. In contrast, plant available 524 
concentrations of Cu and Zn at most sites were below transition concentration between transport 525 
systems, so that uptake of these metals into plants was carried out predominantly by HATS. 526 
Therefore, accumulation of Cu and Zn in plant parts was measured by Vmax and Km, and coefficients 527 
of determination (R2) were described for HATS using the Lineweaver-Burk method (Table 7). 528 
For example, the slope of shoot/leaf vs. soil concentration of a well-known Ni-hyperaccumulator 529 
Pimelea leptospermoides was 78.03 mg.kg-1 plant DW.mg-1 available metal.kg-1 soil DW, which 530 
was around seven-fold higher than the slope for the root (10.68 mg.kg-1 plant DW.mg-1 available 531 
metal.kg-1 soil DW) (Table 6). This means that P. leptospermoides tends to accumulate Ni in its 532 
upper parts (shoot/leaves) much more than in its roots. Therefore, the species is a “shoot/leaf 533 
tolerator”. This is confirmed by the species’ Ni content where the shoot and leaves of the species 534 
collected from 3 different sites contained between 6.55 and 2,304 mg Ni.kg plant DW-1 compared to 535 
between 4.16 and 332.45 mg Ni.kg plant DW-1 in the corresponding roots (Table 8).  536 
In contrast, the slope of Cu uptake in leaves and combined leaf and stem samples of Melinis repens 537 
vs. substrate concentration was one-quarter of the corresponding slope for roots, indicating that this 538 
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species tends to accumulate Cu in its roots and is a Cu-root tolerator. This is consistent with the Cu 539 
contents in plant parts, where leaves and combined leaf and stem samples of M. repens contained 540 
only 2.10±0.27 and 5.84±0.83 mg Ni.kg plant DW-1, respectively compared to 9.03±0.5 and 541 
23.01±0.63 mg Ni.kg root DW-1, in the corresponding roots (Table 8). 542 
Another grass species, Heteropogon contortus, accumulated Mn mainly in its roots, with the highest 543 
uptake slope (54.15 mg.kg-1 plant DW.mg-1 available metal.kg-1 soil DW), followed by senescent 544 
shoot and senescent leaves (27.51 mg.kg-1 plant DW.mg-1 available metal.kg-1 soil DW), while the 545 
lowest slope value was observed in shoots and leaves (3.36 mg.kg-1 plant DW.mg-1 available 546 
metal.kg-1 soil DW). With the exception of material collected from Site 4/5, Mn content in roots of 547 
H. contortus (493.5±24.5 mg Mn.kg root DW-1) was between 1.60 and 5.55 times higher than the 548 
Mn content in senescent leaves and leaves of the species, respectively (Table 8). Similarly, Aristida 549 
queenslandica var. queenslandica was also observed to store Mn primarily in its roots rather than its 550 
aerial part. Its root uptake slope was 4 times higher than that for its leaves, and Mn content in roots 551 
of this species collected from two different sites were also 4-fold higher than those in the leaves 552 
(Table 8). 553 
Our field data also showed that the low-affinity uptake intercept parameter is generally less 554 
sensitive than the slope parameter to describe plant metal uptake. For example, the Ni- 555 
hyperaccumulator P. leptospermoides showed similar uptake intercepts (less than 1 mg Ni.kg-1 plant 556 
DW) for both aerial and belowground part although the species accumulated high concentrations of 557 
Ni in its shoot (Table 8). 558 
At low external Cu and Zn concentrations (below their corresponding transition concentration 559 
between transport systems), all the species studied had high Vmax but low Km (Table 7). Aerial parts 560 
of Themeda triandra and Aristida vagans grown on low external Cu concentrations had Vmax and 561 
Km of 7.79 mg Cu.kg plant DW
-1 and 0.04 mg Cu.kg soil DW-1 and 13.07 mg Cu.kg plant DW-1 and 562 
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0.10 mg Cu.kg soil DW-1, respectively. Similarly, roots of Eucalyptus fibrosa had a Vmax of 6.60 mg 563 
Cu.kg plant DW-1 and a Km of 0.21 mg Cu.kg soil DW
-1. For Zn, leaves and combined leaves and 564 
stems of A. vagans and leaves of E. fibrosa had high Vmax (27.55 and 12.82 mg Zn.kg plant DW
-1) 565 
and low Km (0.01 and 0.07 mg Zn.kg soil DW
-1), respectively. Roots of A. queenslandica var. 566 
queenslandica had very high Vmax (312.50 mg Zn.kg plant DW
-1) and a Km of 0.41 mg Zn.kg soil 567 
DW-1.  568 
With limited field data from sites with low available metal concentrations (often either only whole 569 
shoots or leaves or roots), we were not able to classify the species’ accumulation characteristics (i.e. 570 
tolerator type) based on our model parameters for high-affinity metal transport systems. 571 
Nonetheless, based on a study conducted by Kozhevnikova et al. [107] on accumulation and 572 
distribution of Zn in ruderal plants Lepidium ruderale and Capsella bursa-pastoris growing in 573 
solution with Zn available concentration from 2 to 20 μM (below the transition Zn concentration 574 
between transport systems), we calculated their Vmax and Km. Both species had very high root Vmax, 575 
100,000 and 10,000 mg Zn.kg plant DW-1 for L. ruderale and C. bursa-pastoris, respectively, 576 
compared to shoot Vmax which were 1429 and 385 mg Zn.kg plant DW
-1, respectively. Thus, both 577 
species tended to accumulate Zn more rapidly in their roots than in shoots, a phenomenon which 578 
was confirmed by Zn contents in roots and shoots of both species. These species are classified as 579 
Zn-root tolerators according to our conceptual framework, confirming its validity. 580 
 581 
5. Discussion 582 
The study proposes a new conceptual framework for characterization of plant responses to metals in 583 
soil based on metal transporter kinetic parameters. This framework is the first to use these 584 
parameters to describe the distribution of metals in plant parts at both low and high external plant 585 
available metal concentrations.  586 
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The proposed plant uptake framework advocates that plant available metal concentration in soil is 587 
the most relevant form to use when studying soil-plant metal relationships. Based on our study of 588 
plant and soil samples collected from metal-enriched areas, only a small fraction of total metal in 589 
soil was available for plant uptake. Concentrations of Mn, Ni, Fe, Al and Cu (some samples) in 590 
plant parts of the species collected correlated better with plant available metals in soils rather than 591 
total metal contents in soils. This finding conforms with previous studies which have shown that 592 
plants absorb heavy metals that are present as soluble components in the soil solution and readily 593 
available for plant roots [108-110]. In addition, bioavailability of metal rather than total metal 594 
concentration governs the whole physiological and toxic effects of a metal on biological systems 595 
[110-113]. Similarly, Lu et al. [114] showed that there was no significant correlation between total 596 
Co, Cr, Cu, Mn, Ni, Pb and Zn concentrations in soils and corn grain. Fernández-Calviño et al. 597 
[115] found that the environmental risks of Cu pollution are more closely related to its available 598 
form than to the total soil Cu content. Similarly, Roca et al. [116] showed that the extractable 599 
fraction of metals in soils can be related to the bioaccumulation factor for the identification of 600 
native plants with the capacity to take up high concentrations of metals from soils and accumulate 601 
them in their tissues. Other studies have also shown that soil available metal concentration is the 602 
most appropriate basis for examining plant metal uptake [117-121]. Thus, we conclude that plant 603 
available form of metal in soil is a more relevant descriptor than its total form to use in plant-soil 604 
metal relationship models. 605 
The Baker (1981) [104] framework has been used widely for nearly 40 years to describe plant 606 
response to metals in soils [55,122-129] and to determine whether metal tolerant plants belong to 607 
one of the four proposed categories based on their accumulation potential in their above ground 608 
tissues, namely metal accumulators, hyperaccumulators, indicators and excluders. According to this 609 
framework, accumulators and hyperaccumulators would display a hyperbolic response, indicators a 610 
AC
CE
PT
ED
 M
AN
US
CR
IPT
27 
 
linear response, while in excluders, plant uptake remains constant and low over a wide range of soil 611 
concentrations [104]. Our proposed conceptual framework predicts that plants growing on areas 612 
where external plant available concentrations of metals are higher than their respective transition 613 
concentration between transport systems display linear metal uptake relationships. Our field study 614 
focusing on metal-enriched areas (serpentine and mine sites) showed that this proposition was 615 
confirmed for Mn, Ni, Fe, Al and Cu (some samples) in all soil samples tested. We found linear 616 
relationships between plant available metal concentrations in soils and the metal contents in plant 617 
parts; e.g., P. leptospermoides collected from 3 different serpentine areas (Sites 3/1, 5/6 and 8/1) 618 
accumulated greater amounts of Ni than Mn in the shoot/leaves, as shown by the LATS slope for 619 
these metals of 78.03 and 2.23, respectively (Table 6). The finding of this linear response differs 620 
from Baker’s original hypothesis, which proposed non-linear (hyperbolic) relationships between 621 
heavy metal concentrations in tolerant plants grown on soils from low to high metal concentrations 622 
and soils (total metal concentration rather than plant available metal concentrations in soil), except 623 
for metal indicators [104]. Recent work (e.g., Nkrumah et al. [129]) refers to extractable metal 624 
concentrations in soils, but retains the original concept of a hyperbolic hyperaccumulator response. 625 
While for the above-mentioned metals (found in soils at plant available concentrations higher than 626 
the transition concentration between transport systems), the linear plant metal uptake was facilitated 627 
by LATS, other metals such as Cu and Zn were found to be present in most of the soils tested at 628 
plant available concentrations lower that their transition concentration between transport systems, 629 
and in these cases, the plant response was hyperbolic and presumably facilitated by HATS. 630 
Our study identified four sensitive metal transporter kinetic parameters which can be used to 631 
determine the distribution of metals in any plant parts from low or high soil levels and to classify 632 
plant species into shoot/leaf or/and root tolerators. Maximum uptake (Vmax) and Km were used to 633 
measure metal uptake by plants via HATS under saturable, low metal concentration conditions, 634 
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while the linear slope (the intercept was found not to be a sensitive parameter) describes uptake at 635 
higher concentrations mainly via LATS. The framework also recognises that the transition 636 
concentration between transport systems is an important parameter as it determined whether metal 637 
uptake occurs at saturable or linear rates. 638 
The HATS parameters (Vmax and Km) have been used largely to measure the influx and uptake 639 
efficiency from solutions of some metal/loids into plants, such as low soluble concentrations of Mn 640 
[33,89], Zn [38,94,130-132] and Fe [96], and also to study responses of tolerant/non-tolerant or 641 
hyperaccumulator/non-accumulator plants with respect to low soluble concentrations of Zn [38]; Cu 642 
[95,133] and As [34,35,100,134,135]. Neither Vmax nor Km have been utilized as plant metal influx 643 
parameters to describe plant metal uptake from soils, although they have been used to measure 644 
ammonium and nitrate uptake in laboratory [136-138] and to successfully predict nitrate uptake in 645 
field conditions [21,139]. 646 
In contrast to the HATS parameters, the LATS parameters, slope and intercept, have received less 647 
attention. Although there are many studies on plants from metal-enriched areas or exposed to high 648 
external metal concentrations, especially Ni [140-144], Mn [55,145-149] and As [150-153], LATS 649 
slope and intercept have not been utilized for determination of metal uptake by plants. Limited 650 
studies have been conducted on these parameters, specifically slope, but mainly on element influxes 651 
into plants from solutions [37,38,85,86,99].  652 
 653 
6. Conclusion 654 
We suggest a new terminology for metallophytes (i.e. tolerators) that matches our proposed 655 
conceptual framework which describes plant responses to metal availability in soils based on metal 656 
transporter kinetic parameters. The framework was validated using independent datasets from both 657 
field surveys and the literature, and is valid for determination of the distribution of metals in all 658 
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plant parts, and plants growing in low to high plant available metal levels in soils. This conceptual 659 
framework may be a useful tool for selecting suitable metal tolerators for specific phytoremediation 660 
purposes, and may be applied to non metal elements or ions.  661 
 662 
Acknowledgements 663 
This work has been funded by a competitive University of Queensland (Brisbane, Australia) Early 664 
Career Researcher grant awarded to Dr Laurence Rossato. The authors are grateful to Dr Don Butler 665 
and Ms Joy Brushe from Queensland Herbarium (Brisbane, Australia) for collecting and identifying 666 
plant samples, as well as staff from mine sites and Mr David Appleton and Mr Stephen Appleton 667 
from the School of Agriculture and Food Sciences’ analytical services at the University of 668 
Queensland (Brisbane, Australia) for their help with laboratory analyses. 669 
 670 
 671 
References 672 
[1] H. Marschner, Marschner's mineral nutrition of higher plants, Academic press, 2011. 673 
[2] W.F. Bennett, Nutrient deficiencies and toxicities in crop plants, St. Paul, Minn.: American 674 
Phytopathological Society, 1993. 675 
[3] A. Kabata-Pendias, Trace elements in soils and plants, CRC Press LLC, NSW, 2001. 676 
[4] P. Babula, V. Adam, R. Opatrilova, J. Zehnalek, L. Havel, R. Kizek, Uncommon heavy metals, 677 
metalloids and their plant toxicity: a review, in: E. Lichtfouse (Ed.), Organic Farming, Pest 678 
Control and Remediation of Soil Pollutants, Sustainable Agriculture Review, 1, Dordrecht, 679 
London: Springer, 2009, pp. 275-316. 680 
[5] A.J.M. Baker, J. Proctor, The influence of cadmium, copper, lead, and zinc on the distribution 681 
and evolution of metallophytes in the British Isles, Plant Syst. Evol. 173 (1990) 91- 108. 682 
AC
CE
PT
ED
 M
AN
US
CR
IPT
30 
 
[6] M.O. Mendez, R.M. Maier, Phytostabilization of mine tailings in arid and semiarid 683 
environments - an emerging remediation technology, Environ. Health Perspect. 116 (2008) 684 
278-283. 685 
[7] A.A. Meharg, Mechanisms of plant resistance to metal and metalloid ions and potential 686 
biotechnological applications, Plant Soil 274 (2005) 163–174. 687 
[8] A. Manara, Plant responses to heavy metal toxicity, in: A. Furini (Ed.), Plants and Heavy 688 
Metals, Springer Briefs in Biometals, 2012. 689 
[9] U. Kramer, I.N. Talke, M. Hanikenne, Transition metal transport, FEBS Lett. 581 (2007) 2263- 690 
2272. 691 
[10] S. Das, M. Sen, C. Saha, D. Chakraborty, A. Das, M. Banerjee, A. Seal, Isolation and 692 
expression analysis of partial sequences of heavy metal transporters from Brassica juncea by 693 
coupling high through put cloning with a molecular fingerprinting technique, Planta 234 694 
(2011) 139-156. 695 
[11] E. Andresen, E. Peiter, H. Küpper, Trace metal metabolism in plants, J. Exp. Bot. 69 (5) (2018) 696 
909-954. 697 
[12] J.S. Weis, P. Weis, Metal uptake, transport and release by wetland plants : implications for 698 
phytoremediation and restoration, Environ. Int. 30 (2004) 685-700. 699 
[13] F.J.M. Maathuis, I. Ahmad, J. Patishtan, Regulation of Na+ fluxes in plants, Front. Plant. Sci. 5 700 
(2014) 467. 701 
[14] T.W. Clarkson, Molecular and ionic mimicry of toxic metals, Annu. Rev. Pharmacol. Toxicol. 702 
33 (1993) 545–571. 703 
[15] M.M. Lasat, Phytoextraction of metals from contaminated soil: a review of plant/soil/metal 704 
interaction and assessment of pertinent agronomic issues, J. Hazard. Subst. Res. 2 (2000) 1- 705 
25. 706 
AC
CE
PT
ED
 M
AN
US
CR
IPT
31 
 
[16] V. Fraisier, A. Gojon, P. Tillard, F. Daniel-Vedele, Constitutive expression of a putative high- 707 
affinity nitrate transporter in Nicotiana plumbaginifolia: evidence for post-transcriptional 708 
regulation by a reduced nitrogen source, Plant J. 23 (2000) 489-496. 709 
[17] E. Laugier, E. Bouguyon, A. Mauriès, P. Tillard, A. Gojon, L. Lejay, Regulation of high- 710 
affinity nitrate uptake in roots of Arabidopsis depends predominantly on post transcriptional 711 
control of the NRT2.1/NAR2.1 transport system, Plant Physiol. 158 (2012) 1067-1078. 712 
[18] M. Nikolic, S. Cesco, R. Monte, N. Tomasi, S. Gottardi, A. Zamboni, R. Pinton, Z. Varanini, 713 
Nitrate transport in cucumber leaves is an inducible process involving an increase in plasma 714 
membrane H⁺-ATPase activity and abundance, BMC Plant Biol. 12 (2012) 66. 715 
[19] J. Dechorgnat, C.T. Nguyen, P. Armengaud, M. Jossier, E. Diatloff, S. Filleur, F. Daniel- 716 
Vedele, From the soil to the seeds: the long journey of nitrate in plants, J. Exp. Bot. 62 (2011) 717 
1349–1359. 718 
[20] A. Sorgonà, A. Lupini, F. Mercati, L. di Dio, F. Sunseri, M.R. Abenavoli, Nitrate uptake along 719 
the maize primary root: an integrated physiological and molecular approach, Plant Cell 720 
Environ. 34 (2011) 1127–1140. 721 
[21] S. Faure-Rabasse, E. Le Deunff, P. Laine, J.H. Macduff, A. Ourry, Effects of nitrate pulses on 722 
BnNRT1 and BnNRT2 genes: mRNA levels and nitrate influx rates in relation to the duration 723 
of N deprivation in Brassica napus L., J. Exp. Bot. 53 (2002) 1711-1721. 724 
[22] S. Puig, Function and regulation of the plant COPT family of high-affinity copper transport 725 
proteins, Adv. Bot. (2014) 1-9. 726 
[23] M.Z. Abdin, M. Akmal, M. Ram, T. Nafis, P. Alam, M. Nadeem, M.A. Khan, A. Ahmad, 727 
Constitutive expression of high-affinity sulfate transporter (HAST) gene in Indian mustard 728 
showed enhanced sulfur uptake and assimilation, Protoplasma 248 (2011) 591–600. 729 AC
CE
PT
ED
 M
AN
US
CR
IPT
32 
 
[24] G. Vert, N. Grotz, F. Dédaldéchamp, F. Gaymard, M.L. Guerinot, J.F. Briat, C. Curie, IRT1, 730 
an Arabidopsis tansporter essential for iron uptake from the soil and for plant growth, Plant 731 
Cell 14 (2002) 1223–1233. 732 
[25] E.L. Connolly, J.P. Fett, M.L. Guerinot, Expression of the IRT1 metal transporter is controlled 733 
by metals at the levels of transcript and protein accumulation, Plant Cell 14 (2002) 1347– 734 
1357. 735 
[26] R. Cailliatte, A. Schikora, J.F. Briat, S. Mari, C. Curie, High-affinity manganese uptake by the 736 
metal transporter NRAMP1 is essential for Arabidopsis growth in low manganese conditions, 737 
Plant Cell 22 (2010) 904-917. 738 
[27] W. Wei, T. Chai, Y. Zhang, L. Han, J. Xu, Z. Guan, The Thlaspi caerulescens NRAMP 739 
homologue TcNRAMP3 is capable of divalent cation transport, Mol. Biotechnol. 41 (2009) 740 
15-21. 741 
[28] R. Graham, J. Stangoulis, Trace element uptake and distribution in plants, J. Nutr. 133 (2003) 742 
S1502-1505S. 743 
[29] J.E. Down, D.S. Riggs, A comparison of estimates of Michaelis-Menten kinetic constants from 744 
various linear transformations, J. Biol. Chem. 240 (1965) 863-869. 745 
[30] R.J. Ritchie, T. Prvan, A simulation study on designing experiments to measure the Km of 746 
Michaelis-Menen kinetics curves, J. theor. Biol. 178 (1996) 239-254. 747 
[31] A.B. Shiflet, G.W. Shiflet, Introduction to computational science: modeling and simulation for 748 
the sciences, Princeton University Press, Princeton, N.J., 2006. 749 
[32] M. Cerezo, V. Flors, F. Legaz, P. Garcia-Agustın, Characterization of the low affinity transport 750 
system for NO3
- uptake by citrus roots, Plant Sci. 160 (2010) 95–104. 751 AC
CE
PT
ED
 M
AN
US
CR
IPT
33 
 
[33] P. Pedas, C.A. Hebbern, J.K. Schjoerring, P.E. Holm, S. Husted, Differential capacity for high- 752 
affinity manganese uptake contributes to differences between barley genotypes in tolerance to 753 
low manganese availability, Plant Physiol. 139 (2005) 1411–1420. 754 
[34] A.A. Meharg, M.R. Macnair, Suppression of the high affinity phosphate uptake system: a 755 
mechanism of arsenate tolerance in Holcus lanatus L., J. Exp. Bot. 43 (1992) 519-524. 756 
[35] C.Y. Poynton, J.W. Huang, M.J. Blaylock, L.V. Kochian, M.P. Elless, Mechanisms of arsenic 757 
hyperaccumulation in Pteris species: root As influx an translocation, Planta 219 (2004) 1080- 758 
1088. 759 
[36] L.T. Danh, P. Truong, R. Mammucari, N. Foster, A critical review of the arsenic uptake 760 
mechanisms and phytoremediation potential of Pteris vittata, Int. J. Phytorem. 16 (2014) 429- 761 
453. 762 
[37] C.K. Cohen, T.C. Fox, D.F. Garvin, L.V. Kochian, The role of iron-deficiency stress responses 763 
in stimulating heavy-metal transport in plants, Plant Physiol. 116 (1998) 1063–1072. 764 
[38] M.M. Lasat, A.J.M. Baker, L.V. Kochian, Physiological characterization of root Zn2+ 765 
absorption and translocation to shoots in Zn hyperaccumulator and nonaccumulator species of 766 
Thlaspi, Plant Physiol. 11 (1996) 1715-1722. 767 
[39] F. Meng, D. Liu, X. Yang, M.J.I. Shohag, J. Yang, Li, T., L. Lu, Y. Feng, Zinc uptake kinetics 768 
in the low and high-affinity systems of two contrasting rice genotypes, J. Plant Nutr. Soil Sci. 769 
177 (2014) 412–420. 770 
[40] M. Cerezo, G. Camañes, V. Flors, E. Primo-Millo, P. García-Agustín, Regulation of nitrate 771 
transport in citrus rootstocks depending of nitrogen availability, Plant Signaling Behav. 2 772 
(2007) 337-342. 773 
[41] G.E. Santa-Marıa, D.H. Cogliatti, The regulation of zinc uptake in wheat plants, Plant Sci. 137 774 
(1998) 1-12. 775 
AC
CE
PT
ED
 M
AN
US
CR
IPT
34 
 
[42] N.W. Menzies, M.J. Donn, P.M. Kopittke, Evaluation of extractants for estimation of 776 
phytoavailable trace metals in soils, Environ. Pollut. 145 (2007) 121-130. 777 
[43] R.I. Mitchell, Contamination problems in soil and plant analysis, J. Sci. Food Agric. 11 (1960) 778 
553-560. 779 
[44] B. Markert, Aspects of cleaning environmental materials for multi-element analysis, e.g. plant 780 
samples, J. Anal. Chem. 342 (1992) 409-412. 781 
[45] A. Wyttenbach, L. Tobler, Soil contamination in plant samples and in botanical reference 782 
materials: signature, quantification and consequences, J. Radioanal. Nucl. Chem. 254 (2002) 783 
165-174. 784 
[46] A.A. Ferrari, E.J. França, E.A.N. Fernandes, M.A. Bacchi, Surface contamination effects on 785 
leaf chemical composititon in the Atlantic Forest, J. Radioanal. Nucl. Chem. 270 (2006) 69- 786 
73. 787 
[47] J.B.J. Jones, Laboratory guide for conducting soil tests and plant analysis, CRS Press, Boca 788 
Raton, Florida, 2001. 789 
[48] L.L. Cook, T.P. McGonigle, R.S. Inouye, Titanium as an indicator of residual soil on arid-land 790 
plants, J. Environ. Qual. 38 (2009) 188-199. 791 
[49] C.K. Labanauskas, Washing citrus leaves for leaf analysis, Calif. Agric. 22 (1968) 12-14. 792 
[50] A. Mizuike, M. Pinta, General aspects of trace analytical methods – III. Contamination in trace 793 
analysis, Pure Appl. Chem. 50 (1978) 1519-1529. 794 
[51] X. Ye, X. Zhou, R. Hennings, J. Kramer, A.M. Calafat, Potential external contamination with 795 
bisphenol A and other ubiquitous organic environmental chemicals during biomonitoring 796 
analysis: an elusive laboratory challenge, Environ. Health Perspect. 121 (2013) 283-286. 797 
[52] L.L. Cook, Cesium in soils and plants of the sagebrush steppe ecosystem, in, Idaho State 798 
University, Pocatello, 2007, pp. 161. 799 
AC
CE
PT
ED
 M
AN
US
CR
IPT
35 
 
[53] E.E. Cary, D.L. Grunes, D.L. Bohman, C.A. Sanchirico, Titanium determination for correction 800 
of plant sample contamination by soil, Agron. J. 78 (1986) 933-936. 801 
[54] J.H. Cherney, D.L. Robinson, A comparison of plant digestion methods for identifying soil 802 
contamination of plant tissue by Ti analysis, Agron. J. 75 (1983) 145-147. 803 
[55] D.R. Fernando, G. Guymer, R.D. Reeves, I.E. Woodrow, A.J. Baker, G.N. Batianoff, Foliar 804 
Mn accumulation in eastern Australian herbarium specimens: prospecting for 'new' Mn 805 
hyperaccumulators and potential applications in taxonomy, Ann. Bot. 103 (2009) 931-939. 806 
[56] H.F. Mayland, F.A. Sneva, Effect of soil contamination on the mineral composition of forage 807 
fertilized with nitrogen, J. Range Manag. 36 (1982) 286-288. 808 
[57] J. Stangoulis, Technical aspects of zinc and iron analysis in biofortification of the staple food 809 
crops, wheat and rice, in: 19th World Congress of Soil Science, Soil Solutions for a Changing 810 
World, 1 – 6 August 2010, Brisbane, Australia, 2010. 811 
[58] A.J. Metson, E.J. Gibson, J.L. Hunt, W.M.H. Saunders, Seasonal variations in chemical 812 
composition of pasture, N. Z. J. Agric. Res. 22 (1979) 309-318. 813 
[59] L.B. Paiva, J.G. de Oliveira, R.A. Azevedo, D.R. Ribeiro, M.G. da Silva, A.P. Vitoria, 814 
Ecophysiological responses of water hyacinth exposed to Cr3+ and Cr6+, Environ. Exp. Bot. 65 815 
(2009) 403-409. 816 
[60] S.K. Panda, S. Choudhury, Chromium stress in plants, Braz. J. Plant Physiol. 17 (2005) 95- 817 
102. 818 
[61] P. Sundaramoorthy, Chidambaram, A., Ganesh, K. S., Unnikannan, P., Baskaran, L. , 819 
Chromium stress in paddy: (i) Nutrient status of paddy under chromium stress; (ii) 820 
Phytoremediation of chromium by aquatic and terrestrial weeds, C. R. Biol. 333 (2010) 597- 821 
607. 822 AC
CE
PT
ED
 M
AN
US
CR
IPT
36 
 
[62] A. Kabata-Pendias, A.B. Mukherjee, Trace elements from soil to human, Springer-Verlag, 823 
Berlin Heidelberg, 2007. 824 
[63] E.E. Cary, J. Kubota, Chromium concentration in plants: effects of soil chromium 825 
concentration and tissue contamination by soil, J. Agric. Food Chem. 38 (1990) 108-114. 826 
[64] A.D. Sharma, M.S. Brar, S.S. Malhi, Critical toxic ranges of chromium in spinach plants and in 827 
soil, J. Plant Nutr. 28 (2005) 1555-1568. 828 
[65] A. Zayed, C.M. Lytle, J.H. Qian, N. Terry, Chromium accumulation, translocation and 829 
chemical speciation in vegetable crops, Planta 206 (1998) 293-299. 830 
[66] H. Oliveira, Chromium as an environmental pollutant: Insights on induced plant toxicity, J. 831 
Bot. (2012) 1-8. 832 
[67] Z. Yasmin, N. Paltridge, R. Graham, B.L. Huynh, J. Stangoulis, Measuring genotypic variation 833 
in wheat seed iron first requires stringent protocols to minimize soil iron contamination, Crop 834 
Sci. 54 (2014) 255-264. 835 
[68] J. Stangoulis, C. Sison, Crop sampling protocols for micronutrient analysis, in: HarvestPlus, 836 
Technical Monograph Series 7, 2008. 837 
[69] T. Mossor-Pietraszewska, Effect of aluminium on plant growth and metabolism, Acta Biochim. 838 
Pol. 48 (2001) 673-686. 839 
[70] T. Watanabe, S. Misawa, S. Hiradate, M. Osaki, Root mucilage enhances aluminium 840 
accumulation in Melastoma malabathricum, an aluminum accumulator, Plant Signaling 841 
Behav. 3 (2008) 603-605. 842 
[71] H. Marschner, Mineral nutrition of higher plants. London, Academic Press, London, 2002. 843 
[72] I. Shtangeeva, S. Ayrault, J. Jain, Scandium bioaccumulation and its effect on uptake of macro- 844 
and trace elements during initial phases of plant growth, Soil Sci. Plant Nutr. 50 (2004) 877- 845 
883. 846 
AC
CE
PT
ED
 M
AN
US
CR
IPT
37 
 
[73] H.A. Currie, C.C. Perry, Silica in plants: biological, biochemical and chemical studies, Ann. 847 
Bot. 100 (2007) 1383-1389. 848 
[74] D. Bouma, E.J. Dowling, D.J. David, Relations between plant aluminium content and of 849 
lucerne and subterranean clover: their usefulness in the detection of aluminium toxicities, 850 
Aust. J. Exp. Agric. Anim. Husb. 21 (1981) 311-317. 851 
[75] A. Wallace, E.M. Romney, Aluminum toxicity in plants grown in solution culture, Commun. 852 
Soil Sci. Plant Anal. 8 (1977) 791-794. 853 
[76] A. Wallace, E.M. Romney, G.V. Alexander, J. Kinnear, Phytotoxicity and some interactions of 854 
the essential trace metals iron, manganese, molybdenum, zinc, copper, and boron, Commun. 855 
Soil Sci. Plant Anal. 8 (1977) 741-750. 856 
[77] M.B. Kirkham, Principles of Soil and Plant Water Relation, Academic Press, 2014. 857 
 [78] D.G. Fredlund, A. Xing, Equations for the soil-water characteristic curve, Can. Geotech. J. 31 858 
(1994) 521-532. 859 
[79] K. Tanoi, N.I. Kobayashi, T. Saito, N. Iwata, R. Kamada, R. Iwata, H. Suzuki, A. Hirose, Y. 860 
Ohmae, R. Sugita, T.M. Nakanishi, Effects of magnesium deficiency on magnesium uptake 861 
activity of rice root, evaluated using 28Mg as a tracer, Plant Soil 384 (2014) 69-77. 862 
[80] Y.Y. Yang, X.H. Li, R.G. Ratcliffe, J.Y. Ruan, Characterization of ammonium and nitrate 863 
uptake and assimilation in roots of tea plants, Russ. J. Plant Physiol. 60 (2013) 91–99. 864 
[81] M.Y. Wang, M.Y. Siddiqi, T.J. Ruth, A.D.M. Class, Ammonium uptake by rice roots, Plant 865 
Physiol. 103 (1993) 1259-1267  866 
[82] H. BassiriRad, S.A. Prior, R.J. Norby, H.H. Rogers, A field method of determining NH4
+ and 867 
NO3
- uptake kinetics in intact roots: effects of CO2 enrichment on trees and crop species, 868 
Plant Soil 217 (1999) 195-204. 869 AC
CE
PT
ED
 M
AN
US
CR
IPT
38 
 
[83] L.J. Youngdahl, R. Pacheco, J.J. Street, P.L.G. Vlek, The kinetics of ammonium and nitrate 870 
uptake by young rice plants, Plant Soil 69 (1982) 225-232. 871 
[84] H.J. Kronzucker, M.Y. Siddiqi, A.D.M. Class, Kinetics of NH₄⁺ influx in spruce, Plant 872 
Physiol. 110 (1996) 773-779. 873 
[85] H.J. Kronzucker, M.Y. Siddiqi, A.D.M. Glass, Kinetics of NO₃⁻ influx in Spruce, Plant 874 
Physiol. 109 (1995) 319-326. 875 
[86] M. Cerezo, P. Garcı́a-Agustı́n, M.D. Serna, E. Primo-Millo, Kinetics of nitrate uptake by citrus 876 
seedlings and inhibitory effects of salinity, Plant Sci. 126 (1997) 105-112. 877 
[87] M.Y. Siddiqi, A.D.M. Glass, T.J. Ruth, J. Rufty, W. Thomas, Studies of the uptake of nitrate in 878 
barley. 1. Kinetics of 13NO3
- influx, Plant Physiol. 93 (1990) 1426-1432. 879 
[88] C. Rizzardo, N. Tomasi, R. Monte, Z. Varanini, F.F. Nocito, S. Cesco, R. Pinton, Cadmium 880 
inhibits the induction of high-afﬁnity nitrate uptake in maize (Zea mays L.) roots, Planta 236 881 
(2012) 1701–1712. 882 
[89] M.M. Hassan, Kinetics of manganese uptake by intact citrus seedlings, Physiol. Plant. 39 883 
(1977) 169-170. 884 
[90] J.E. Bowen, Kinetics of active uptake of boron, zinc, copper and manganese in barley and 885 
sugarcane, J. Plant Nutr. 3 (1981) 215-223. 886 
[91] S. Ramani, S. Kannan, Manganese absorption and transport in rice, Physiol. Plant. 33 (1975) 887 
133-137. 888 
[92] J.E. Bowen, Absorption of copper, zinc, and manganese by sugarcane leaf tissue, Plant 889 
Physiol. 44 (1969) 255-261. 890 
[93] J.E. Bowen, Kinetics of zinc uptake by two rice cultivars, Plant Soil 94 (1986) 99-107. 891 
[94] G. Hacisalihoglu, J.J. Hart, L.V. Kochian, High- and low-affinity zinc transport systems and 892 
their possible role in zinc efficiency in bread wheat, Plant Physiol. 125 (2001) 456-463. 893 
AC
CE
PT
ED
 M
AN
US
CR
IPT
39 
 
[95] J. Strange, M.R. Macnair, Evidence for a role for the cell membrane in copper tolerance of 894 
Mimulus guttatus Fischer ex DC., New Phytol. 119 (1991) 383-388. 895 
[96] N.V. Wiren, H. Marschner, V. Romheld, Uptake kinetics of iron-phytosiderophores in two 896 
maize genotypes differing in iron efficiency, Physiol. Plant. 93 (1995) 611-616. 897 
[97] S.G. Aschmann, R.J. Zasoski, Nickel and rubidium uptake by whole oat plants in solution 898 
culture, Physiol. Plant. 71 (1987) 191-196. 899 
[98] G. Guerrier, Absorption D'Aluminium par des racines de plantes entieres de feverole et de 900 
Lupin Jaune, Plant Soil 50 (1978) 135-144  901 
[99] H. Li, C. Wu, Z.H. Ye, S.C. Wu, F.Y. Wu, M.H. Wong, Uptake kinetics of different arsenic 902 
species in lowland and upland rice colonized with Glomus intraradices, J. Hazard. Mater. 194 903 
(2011) 414-421. 904 
[100] A.A. Meharg, M.R. Macnair, Polymorphism and physiology of arsenate tolerance in Holcus 905 
lanatus L. from an uncontaminated site, Plant Soil 146 (1992) 219-225. 906 
[101] E. Esteban, R.O. Carpena, A.A. Meharg, High-afﬁnity phosphate/arsenate transport in white 907 
lupin (Lupinus albus) is relatively insensitive to phosphate status, New Phytol. 158 (2003) 908 
165–173. 909 
[102] F.J. Zhao, R.E. Hamon, E. Lombi, M.J. McLaughlin, Characteristics of cadmium uptake in 910 
two contrasting ecotypes of the hyperaccumulator Thlaspi caerulescens, J. Exp. Bot. 53 911 
(2002) 535-543. 912 
[103] J. Liu, C.Q. Duan, X.H. Zhang, Y.N. Zhu, C. Hu, Characteristics of chromium(III) uptake in 913 
hyperaccumulator Leersia hexandra Swartz, Environ. Exp. Bot. 74 (2011) 122-126. 914 
[104] A.J.M. Baker, Accumulators and excluders - strategies in the response of plants to heavy 915 
metals, J. Plant Nutr. 3 (1981) 643-654. 916 AC
CE
PT
ED
 M
AN
US
CR
IPT
40 
 
[105] G.N. Batianoff, V.J. Nelner, S. Singh, Vascular plant and floristic analysis of serpentine 917 
landscapes in central Queensland, in: Proceedings of the Royal Society of Queensland, 918 
Brisbane, 2000, pp. 1-30. 919 
[106] S. Muhammad, M.T. Shah, S. Khan, Heavy metal concentrations in soil and wild plants 920 
growing around Pb-Zn sulfide terrain in the Kohistan region, northern Pakistan, Microchem. 921 
J. 99 (2013) 67-75. 922 
[107] A.D. Kozhevnikova, N.T. Erlikh, N.V. Zhukovskaya, N.V. Obroucheva, V.B. Ivanov, A.A. 923 
Belinskaya, M.Y. Khutoryanskaya, I.V. Seregin, Nickel and zinc effects, accumulation and 924 
distribution in ruderal plants Lepidium ruderale and Capsella bursa-pastoris, Acta Physiol. 925 
Plant. 36 (2014) 3291–3305  926 
[108] G.U. Chibuike, S.C. Obiora, Heavy metal polluted soils: effect on plants and bioremediation 927 
methods, Appl. Environ. Soil Sci. 2014 (2014) 1-12. 928 
[109] C. Garcia-Gomez, E. Esteban, B. Sanchez-Pardo, M.A.D. Fernandez, Assessing the 929 
ecotoxicological effects of long-term contaminated mine soils on plants and earthworms: 930 
relevance of soil (total and available) and body concentrations, Ecotoxicology 23 (2014) 931 
1195-1209. 932 
[110] J.K. Saha, R. Selladurai, M.V. Coumar, M.L. Dotaniya, S. Kundu, A.K. Patra, M.L. Dotaniya, 933 
Soil Pollution - An Emerging Threat to Agriculture, Springer, Singapore, 2017. 934 
[111] M.K. Jamali, T.G. Kazi, M.B. Arain, H.I. Afridi, N. Jalbani, G.A. Kandhro, A.Q. Shah, J.A. 935 
Baig, Speciation of heavy metals in untreated sewage sludge by using microwave assisted 936 
sequential extraction procedure, J. Hazard. Mater. 163 (2009) 1157-1164. 937 
[112] A.O. Olaniran, A. Balgobind, B. Pillay, Bioavailability of heavy metals in soil: impact on 938 
microbial biodegradation of organic compounds and possible improvement strategies, Int. J. 939 
Mol. Sci. 14 (2013) 10197-10228. 940 
AC
CE
PT
ED
 M
AN
US
CR
IPT
41 
 
[113] O.M. Sahito, H.I. Afridi, T.G. Kazi, J.A. Baig, Evaluation of heavy metal bioavailability in 941 
soil amended with poultry manure using single and BCR sequential extractions, Int. J. 942 
Environ. Anal. Chem. 95 (2015) 1066-1079. 943 
[114] L. Lu, G. Liu, J. Wang, Y. Wu, Bioavailability and mobility of heavy metals in soil in vicinity 944 
of a coal mine from Huaibei, China, Hum. Ecol. Risk Assess. Int. J. 23 (2017) 1164-1177. 945 
[115]  D. Fernández-Calviño, P. Pérez-Rodríguez, J.C. Nóvoa-Muñoz, M.A. Estévez, Is the total 946 
concentration of a heavy metal in soil a suitable tool for assessing the environmental risk? 947 
considering the case of copper, J. Chem. Educ. 94 (2017) 1133-1136. 948 
[116] N. Roca, J. Rodríguez-Bocanegra, J. Bech, Using bioavailable soil fraction to assess the 949 
bioconcentration factor of plants in phytoremediation of mine soils, Geophysical Research 950 
Abstracts, 19, EGU2017-10123 (2017). 951 
[117] M.K. Jamali, T.G. Kazi, M.B. Arain, H.I. Afridi, N. Jalbani, R.S. Adil, The correlation of 952 
total and extractable heavy metals from soil and domestic sewage sludge and their transfer to 953 
maize (Zea mays L.) plants, Toxicol. Environ. Chem. 88 (2006) 619-632. 954 
[118] M. Zhang, C. Zhou, C. Huang, Relationship between extractable metals in acid soils and 955 
metals taken up by tea plants, Commun. Soil Sci. Plant Anal. 37 (2006) 347-361. 956 
[119] I. Massas, D. Kalivas, C. Ehaliotis, D. Gasparatos, Total and available heavy metal 957 
concentrations in soils of the Thriassio plain (Greece) and assessment of soil pollution 958 
indexes, Environ. Monit. Assess. 185 (2013) 6751-6766. 959 
[120] M. Wójcik, P. Sugier, G. Siebielec, Metal accumulation strategies in plants spontaneously 960 
inhabiting Zn-Pb waste deposits, Sci. Total Environ. 487 (2014) 313-322. 961 
[121] S. Mukhopadhyay, V. Rana, A. Kumar, S.K. Maiti, Biodiversity variability and metal 962 
accumulation strategies in plants spontaneously inhibiting fly ash lagoon, India, Environ. Sci. 963 
Poll. Res. 24 (2017) 22990-23005. 964 
AC
CE
PT
ED
 M
AN
US
CR
IPT
42 
 
[122] R. Gabrielli, C. Mattioni, O. Vergano, Accumulation mechanisms and heavy metal tolerance 965 
of a nickel hyperaccumulator, J. Plant Nutr. 14 (1991) 1067-1080. 966 
[123] I. Brunner, J.r. Luster, M.S. Gunthardt-Goerg, B. Frey, Heavy metal accumulation and 967 
phytostabilisation potential of tree fine roots in a contaminated soil, Environ. Pollut. 152 968 
(2008) 559-568. 969 
[124] D.L. Callahan, U. Roessner, V. Dumontet, A.M. De Livera, A. Doronila, A.J.M. Baker, S.D. 970 
Kolev, Elemental and metabolite profiling of nickel hyperaccumulators from New Caledonia, 971 
Phytochemistry 81 (2012) 80-89. 972 
[125] R.W. Feng, C.Y. Wei, S.X. Tu, S.R. Tang, F.C. Wu, Simultaneous hyperaccumulation of 973 
arsenic and antimony in Cretan brake fern: evidence of plant uptake and subcellular 974 
distributions, Microchem. J. 97 (2011) 38-43. 975 
[126] V. Iori, F. Pietrini, A. Cheremisina, N.I. Shevyakova, N. Radyukina, V.V. Kuznetsov, M. 976 
Zacchini, Growth responses, metal accumulation and phytoremoval capability in Amaranthus 977 
plants exposed to nickel under hydroponics, Water Air Soil Poll. 224 (2013) 1450. 978 
[127] I.I. Fuentes, F. Espadas-Gil, C. Talavera-May, G. Fuentes, J.M. Santamaría, Capacity of the 979 
aquatic fern (Salvinia minima Baker) to accumulate high concentrations of nickel in its 980 
tissues, and its effect on plant physiological processes, Aquat. Toxicol. 155 (2014) 142-150. 981 
[128] A. van der Ent, A.J.M. Baker, R.D. Reeves, A.J. Pollard, H. Schat, Hyperaccumulators of 982 
metal and metalloid trace elements: facts and fiction, Plant Soil 362 (2013) 319–334. 983 
[129] P.N. Nkrumah, A.J.M. Baker, R.L. Chaney, P. Erskine, G. Echevarria, J.L. Morel, A. van der 984 
Ent, Current status and challenges in developing nickel phytomining: an agronomic 985 
perspective, Plant Soil 406 (2016) 55-69. 986 
[130] S.C. Shankhdhar, D. Shankhdhar, R.C. Pant, Kinetics of zinc uptake by excised roots of rice 987 
(Oriza sativa L.), Indian J. Plant Physiol. 4 (1999) 258-261. 988 
AC
CE
PT
ED
 M
NU
SC
RI
PT
43 
 
[131] C.A. Rosolem, L.V.S. Sacramento, D.M.T. Oliveira, Kinetics of zinc uptake and anatomy of 989 
roots and leaves of coffee trees as affected by zinc nutrition, J. Plant Nutr. 28 (2005) 2101- 990 
2112. 991 
[132] Z. Nie, P. Zhao, J. Wang, J. Li, H. Liu, Absorption kinetics and subcellular fractionation of 992 
zinc in winter wheat in response to nitrogen supply, Front. Plant Sci. 8 (2017). 993 
[133] S. Landi, F. Fagioli, Efficiency of manganese and copper uptake by excised roots of maize 994 
genotypes, J. Plant Nutr. 6 (1983) 957-970. 995 
[134] M.J. Abedin, J. Feldmann, A.A. Meharg, Uptake kinetics of arsenic species in rice plants, 996 
Plant Physiol. 128 (2002) 1120-1128. 997 
[135] F.J. Zhao, S.J. Dunham, S.P. McGrath, Arsenic hyperaccumulation by different fern species, 998 
New Phytol. 156 (2002) 27-31. 999 
[136] S.S. Goyal, R.C. Huffaker, The uptake of NO3
-, NO2
-, and NH4
+ by intact wheat (Triticum 1000 
aestivum) seedlings. I. Induction and kinetics of transport systems, Plant physiol. 82 (1986) 1001 
1051-1056. 1002 
[137] C.K.V. Wijk, H.B.A. Prins, The kinetics of NH4
+ and NO3
- uptake by douglas fir from single 1003 
N-solutions and from solutions containing both NH4
+ and NO3
-, Plant Soil 151 (1993) 91-96. 1004 
[138] H.J. Kronzucker, G.J.D. Kirk, M.Y. Siddiqi, A.D.M. Glass, Effects of hypoxia on 13NH4
+ 1005 
fluxes in rice roots, Plant Physiol. 116 (1998) 581-587. 1006 
[139] P. Malagoli, P. Lainé, E. Le Deunff, L. Rossato, B. Ney, A. Ourry, Modeling nitrogen uptake 1007 
in oilseed rape cv capitol during a growth cycle using influx kinetics of root nitrate transport 1008 
systems and field experimental data, Plant Physiol. 134 (2004) 388-400. 1009 
[140] R.D. Reeves, A.J.M. Baker, A. Borhidi, R. Berazain, Nickel-accumulating plants from the 1010 
ancient serpentine soils of Cuba, New Phytol. 133 (1996) 217-224. 1011 AC
CE
PT
ED
 M
AN
US
CR
IPT
44 
 
[141] B.H. Robinson, A. Chiarucci, R.R. Brooks, D. Petit, J.H. Kirkman, P.E.H. Gregg, V. De 1012 
Dominicis, The nickel hyperaccumulator plant Alyssum bertolonii as a potential agent for 1013 
phytoremediation and phytomining of nickel, J. Geochem. Explor. 59 (1997) 75-86. 1014 
[142] B.H. Robinson, E. Lombi, F.J. Zhao, S.P. McGrath, Uptake and distribution of nickel and 1015 
other metals in the hyperaccumulator Berkheya coddii, New Phytol. 158 (2003) 279–285.  1016 
[143] T. Jaffré, Y. Pillon, S. Thomine, S. Merlot, The metal hyperaccumulators from New 1017 
Caledonia can broaden our understanding of nickel accumulation in plants, Front. Plant Sci. 4 1018 
(2013) 279. 1019 
[144] A. van der Ent, P. Erskine, S. Sumail, Ecology of nickel hyperaccumulator plants from 1020 
ultramafic soils in Sabah (Malaysia), Chemoecology 25 (2015) 243-259. 1021 
[145] S.D. Bidwell, I.E. Woodrow, G.N. Batianoff, J. Sommer-Knudsen, Hyperaccumulation of 1022 
manganese in the rainforest tree Austromyrtus bidwillii (Myrtaceae) from Queensland, 1023 
Australia, Funct. Plant Biol. 29 (2002) 899-905. 1024 
[146] S.G. Xue, Y.X. Chen, R.D. Reeves, A.J.M. Baker, Q. Lin, D.R. Fernando, Manganese uptake 1025 
and accumulation by the hyperaccumulator plant Phytolacca acinosa Roxb. (Phytolaccaceae), 1026 
Environ. Pollut. 131 (2004) 393-399. 1027 
[147] P. Liu, X. Tang, C. Gong, G. Xu, Manganese tolerance and accumulation in six Mn 1028 
hyperaccumulators or accumulators, Plant Soil 335 (2010) 385-395. 1029 
148] Q.W. Yang, Q. Zeng, F. Xiao, X.L. Liu, J. Pan, J.F. He, Z.Y. Li, Investigation of manganese 1030 
tolerance and accumulation of two Mn hyperaccumulators Phytolacca americana L. and 1031 
Polygonum hydropiper L. in the real Mn-contaminated soils near a manganese mine, Environ. 1032 
Earth Sci. 68 (2013) 1127-1134. 1033 AC
CE
PT
ED
 M
AN
US
CR
IPT
45 
 
[149] J. Liu, W. Shang, X. Zhang, Y. Zhu, K. Yu, Mn accumulation and tolerance in Celosia 1034 
argentea Linn.: a new Mn-hyperaccumulating plant species, J. Hazard. Mater. 267 (2014) 1035 
136-141. 1036 
[150] E.E. Codling, J.C. Ritchie, Eastern gamagrass uptake of lead and arsenic from lead arsenate 1037 
contaminated soil amended with lime and phosphorus, Soil Sci. 170 (2005) 413-424. 1038 
[151] E. Flores-Tavizón, M.T. Alarcón-Herrera, S. González-Elizondo, E.J. Olguín, Arsenic 1039 
tolerating plants from mine sites and hot springs in the semi-arid region of Chihuahua, 1040 
Mexico, Acta Biotechnol. 23 (2003) 113-119. 1041 
[152] J.S. Chang, I.H. Yoon, K.W. Kim, Heavy metal and arsenic accumulating fern species as 1042 
potential ecological indicators in As-contaminated abandoned mines, Ecol. Indic. 9 (2009) 1043 
1275-1279. 1044 
[153] S. Chandra, R. Saha, P. Pal, Assessment of arsenic toxicity and tolerance characteristics of 1045 
bean plants (Phaseolus vulgaris) exposed to different species of arsenic, J. Plant Nutr. 41 1046 
(2018) 340-347. 1047 
[154] Australian Government Bureau of Meteorology, Climate statistics for Australian locations. 1048 
http://www.bom.gov.au/climate/averages/tables/cw_039082.shtml, 2018 (accessed 18 1049 
February 2018).  1050 
[155] Wikipedia, Rockhampton. http://en.wikipedia.org/wiki/Rockhampton; 2018 (accessed 18 1051 
February 2018).  1052 
[156] Wikipedia, Marlborough, Queensland. 1053 
http://en.wikipedia.org/wiki/Marlborough,_Queensland, 2018 (accessed 18 February 2018). 1054 
[157] Bonzle, Weather of Cracow Mining field, QLD, 1055 
http://www.bonzle.com/c/a?a=p&p=256676&wetgr=r&d=w&c=1&x=150.29426&y=- 1056 
25.2835&w=20000&mpsec=0, 2018 (accessed 18 February 2018). 1057 
AC
CE
PT
ED
 M
AN
US
CR
IPT
46 
 
 1058 
Figure captions 1059 
 1060 
Figure 1. Conceptual model of changes in metal uptake into plants, integrated over time, as a 1061 
function of low and high plant available metal concentrations in the substrate. Experimental (EXP) 1062 
plants grown in controlled laboratory conditions in solution are either deprived (grown without 1063 
metal), initiating a constitutive high-affinity transport system (CHATS) at low experimental metal 1064 
concentrations and both constitutive high- and low-affinity transport systems (CLATS+CHATS) at 1065 
high experimental metal concentrations, (brown lower curve), or metal-supplied (grown in the 1066 
presence of metal), initiating an inducible high-affinity transport system (IHATS) at low 1067 
experimental metal concentrations and both inducible high- and low-affinity transport systems 1068 
(ILATS+IHATS) at high experimental metal concentrations, (blue middle curve). Uptake attributed 1069 
to the CHATS or IHATS follows Michaelis-Menten kinetics with parameters Vmax and Km (the 1070 
saturable component). When substrate metal concentrations reach the transition concentration 1071 
(shown by the vertical line above the asterisk in the figure), low-affinity transport systems (CLATS 1072 
and ILATS) whereby metal uptake increases linearly with increasing substrate concentration (the 1073 
linear component), dominate total metal uptake (CHATS+CLATS and IHATS+ILATS). The linear 1074 
portions of the uptake curves are identified by the slope and intercept (crosses at zero- 1075 
concentration) for each transport system. For plants collected from the field, uptake will be the 1076 
combined result of both constitutive and inducible uptake (FIELD HATS at substrate plant 1077 
available metal concentrations below the transition concentration and FIELD HATS+LATS at 1078 
greater substrate plant available metal concentrations, red upper curves).  At very high external 1079 AC
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metal concentrations, mechanisms of plant metal resistance or tolerance break down and 1080 
unrestricted transport occurs causing plant death. 1081 
 1082 
  1083 
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Table 1. Summary of plant and soil sample identification used in this study 1084 
Table 2. Estimated total concentrations of selected metals in soil fine material and plant dry matter 1085 
(mg.kg-1) and soil/plant ratios [43]. 1086 
Table 3. Lowest observable adverse effects concentrations (LOAECs) and associated thresholds 1087 
used for monitoring possible soil contamination of plant samples. Values are not given for very 1088 
sensitive or highly tolerant plant species. Concentrations of Cr, Al and Fe in soil refer to total 1089 
concentrations of these metals in soil. “Plant” in soil/plant ratios refers to above ground plant parts. 1090 
Table 4. Transporter kinetic parameters of essential and non-essential elements in plants, extracted 1091 
from the literature. Values are given as the mean ± standard errors (when available from the 1092 
articles). The number of replicates varied from 2 to 27. 1093 
 1094 
Table 5. Metal contents in soil at each plant species collection site. Values are given as the mean ± 1095 
standard errors (n=3). 1096 
Table 6. LATS metal uptake parameters derived from field collected plant species. Parameter 1097 
values are given as the mean for each species across all sites.  1098 
Table 7. HATS metal uptake parameters derived from field collected plant species. Parameter 1099 
values are given as the mean for each species across all sites. 1100 
Table 8. Total metal content in plant parts growing in mine sites and serpentine areas. Values are 1101 
given as the mean ± standard errors (n=3). 1102 
 1103 
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Appendix. Location details of plant and soil sample collections 1104 
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 1106 
Table 1. Summary of plant and soil sample identification used in this study 1107 
Areas/Sites Site Sample ID 
Ridgelands, 
Rockhampton & 
Marlborough 
1 1/2 1/3a, 1/3b, 1/4, 1/5a, 1/5b, 1/6, 1/7, 1/10, 1/11, 1/12   
2 2/1, 2/2, 2/4, 2/7, 2/10 
3 3/1 
4 4/3, 4/5, 4/7, 4/8, 4/9 
5 5/6, 5/9, 5/10, 5/11, 5/12, 5/15, 5/18 
6 6/3 
7 7/2 
8 8/1, 8/4, 8/5, 8/6, 8/7, 8/8, 8/9, 8/11, 8/12 
Mt. Morgan mine site Mor Mor-1, Mor-5 
Cracow mine site WTP WTP237, WTP239, WTP243 
 1108 
 1109 
 1110 
Table 2. Estimated total concentrations of selected metals in soil fine material and plant dry matter 1111 
(mg.kg-1) and soil/plant ratios [43]. 1112 
Best soil contamination 
indicators 
Soil Plant 
Soil/Plant 
ratio 
Titanium 10,000 1 10,000 
Chromium 200 0.1 2,000 
Aluminium Not indicated Not indicated 1,000 
Iron 50,000 100 500 
 1113 
 1114 
 1115 
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Table 3. Lowest observable adverse effects concentrations (LOAECs) and associated thresholds used for monitoring possible soil contamination of 
plant samples. Values are not given for very sensitive or highly tolerant plant species. Concentrations of Cr, Al and Fe in soil refer to total 
concentrations of these metals in soil. “Plant” in soil/plant ratios refers to above ground plant parts. 
 
Indicators of 
contamination 
Soil/plant 
ratio 
threshold 
Foliar 
LOAEC 
(mg.kg-1 
DW) 
Foliar 
threshold 
concentration  
(mg.kg-1DW) 
Root 
LOAEC 
(mg.kg-1 
DW) 
Root 
threshold 
concentration 
(mg.kg-1DW) 
Shoot/root 
concentration 
ratio threshold 
Types of plants Plant parts 
Chromium <2,000a 5 - 30b >36 - - >0.01h Vegetable crops, pasture 
herbage 
Leaves 
Aluminium <1,000a 20c - 200d >240 >1,200f >1,440 >0.1f Grass, clover, pasture herbage, 
rice, subterranean clover 
Leaves, rice 
shoots, roots 
Iron <500a 500e >600e >8,000g >9,600 - Grass, clover, pasture herbage, 
bush beans, herbarium 
specimens of plants from the 
Myrtaceae, Proteaceae and 
Celestraceae families  
Leaves, roots 
Sources: a[43]; b[62]; c[75]; d[69]; e[55,71]; f[74]; g[76]; h[63-65] 
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Table 4. Transporter kinetic parameters of essential and non-essential elements in plants, extracted from the literature. Values are given as the mean ± 
standard errors (when available from the articles). The number of replicates used by authors varies between 2 to 27. 
Element Plant species and 
reference 
Plant element 
tolerance 
characteristics 
Treatment* HATS parameters† Transition 
concn** 
LATS parameters†† 
Vmax Km R2 Slope Intercept R2 
(µmol g root 
DW-1 h-1) 
(µM)   (µmole g root 
DW-1 h-1µM-1) 
(µmole g root 
DW-1 h-1) 
 
Essential                  
Macronutrient 
 
         
Mg2+ Oryza sativa L. 
cv. Nipponbarea 
n.a Mg-
deficient 
2.16 (IH) 
 
70 (IH) n.d 100a n.d n.d n.d 
 n.a Mg-
sufficient 
1.68 (IH) 
 
257 (IH) n.d 100a n.d n.d n.d 
NH4
+ Camellia sinensis 
L.b 
n.a - NH4
+ 3.27 (CH) 60 (CH) n.d 100c; d n.d n.d n.d 
 Oryza sativa var 
IR-36e 
n.a 4-week-old 
plant 
219.6 (IH) 75 (IH) n.d 100c; d n.d n.d n.d 
 n.a 9-week-old 
plant 
61.2 (IH) 103 (IH) n.d 100c; d n.d n.d n.d 
 Picea glauca 
(Moench) Vossf 
n.a N-deprived 18.6 (CH) 19.79 (CH) 0.93 (CH) 
(Lineweaver-
Burk) 
100c; d n.d n.d n.d 
NO3
- Brassica napus L. 
cv. Capitalg 
n.a - NO3
- 26.3 (CH) 15.9 (CH) n.d 135-150g; h 0.007 (CL+CH) 19.6 (CL+CH) n.d 
   + NO3
- 135 (IH) 85 (IH) n.d 135-150g; h 0.01 (IL+IH) 124 (IL+IH) n.d 
 Camellia sinensis 
L.b 
n.a - NO3
- 2.358 (CH) 160 (CH) n.d 135-150g; h n.d n.d n.d 
 Citrus reshnij n.a Troyer 
citrange 
2.7±0.2 (CH) 282±6 (CH) n.d 135-150g; h 2.38 (CL) n.d n.d 
n.a Cleopatra 
mandarin 
2.5±0.1 (CH) 281±8 (CH) n.d 135-150g; h 1.73 (CL) n.d n.d 
 Hordeum vulgare 
L. cv Klondikek 
n.a IND 100 
μM NO3
- 
(1 day) 
94.10 (IH) 79 (IH) n.d 135-150g; h n.d n.d n.d 
 n.a IND 100 
μM NO3
- 
(4 days) 
36.30 (IH) 45 (IH) n.d 135-150g; h n.d n.d n.d AC
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  n.a IND 10000 
μM NO3
- 
(4 days) 
16.90 (IH) 30 (IH) n.d 135-150g; h n.d n.d n.d 
  n.a UNIN 3.44 (CH) 20 (CH) n.d 135-150g; h n.d n.d n.d 
  n.a IND 100 
μM NO3
- 
(1 day) 
n.d n.d n.d 135-15-g; h 0.0057 (IL) n.d n.d 
  n.a UNIN n.d n.d n.d 135-150g; h 0.0064 (CL) n.d n.d 
 Oryza sativa var 
IR-36e 
n.a 4-week-old 
plant 
158.4 (IH) 75 (IH) n.d 135-150g; h n.d n.d n.d 
 Picea glauca 
(Moench) Voss.h 
n.a UNIN 1.1 (CH) 13.6 (CH) 0.91 (CH) 
(Lineweaver-
Burk) 
135-150g; h n.d n.d n.d 
 n.a IND 3.2 (IH) 
(saturable 
comp. 1) 
16.83 (IH) 
(saturable comp. 
1) 
0.97 (IH) 
(Lineweaver-
Burk) 
135-150g; h n.d n.d n.d 
  n.a IND 8.2 (IH) 
(saturable 
comp. 2) 
153.17 (IH) 
(saturable comp. 
2) 
0.9  (IH) 
(Lineweaver-
Burk) 
135-150g; h n.d n.d n.d 
  n.a UNIN n.d n.d n.d 135-150g; h 0.0000015 
(CL) 
3.3 (CL) 0.97 (CL) 
(linear 
regression, 
student’s t- 
tests) 
 Zea mays L. cv. 
Cecilia; Pioneer 
Hi-Bred Italia Srl, 
Pieve Delmona, 
CR, Italyl 
n.a UNIN –
NO3
- 
50.2±4.3 (CH) 86±2 (CH) n.d 135-150g; h n.d n.d n.d 
 n.a IND +NO3
- 123.3±23 (IH) 30±2 (IH) n.d 135-150g; h n.d n.d n.d 
 n.a UNIN –
NO3
-, 10 
min Cd2+ 
62.9±17.9 
(CH) 
74±10 (CH) n.d 135-150g; h n.d n.d n.d 
 n.a IND +NO3
-, 
10 min 
Cd2+ 
94.8±12.2 (IH) 79±16 (IH) n.d 135-150g; h n.d n.d n.d 
 n.a UNIN  – 
NO3
-, 12 h 
Cd2+ 
55.1±16.3 
(CH) 
89±2 (CH) n.d 135-150g; h n.d n.d n.d 
    n.a IND +NO3
-, 
12 h Cd2+ 
78.7±7.5 (IH) 94±0.4 (IH) n.d 135-150g; h n.d n.d n.d 
Essential 
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Micronutrient           
Cu2+ Hordeum vulgare 
L., cv. Herta 
(phase 1)m 
No inf  111.1 (CH) 23400 (CH) n.d 100m; n n.d n.d n.d 
 Hordeum vulgare 
L., cv. Herta 
(phase 2)m 
No inf  5.48 (CH) 
 
13.2 (CH) n.d 100m; n n.d n.d n.d 
 Mimulus guttatus 
Fischer ex DCp 
Cu-tolerant  2.58 (IH) 7.82 (IH) 0.902 100m; n n.d n.d n.d 
 Cu-non tolerant  5.05 (IH) 21.36 (IH) 0.902 100m; n n.d n.d n.d 
 Saccharun 
officinarum L., 
var. H53-263n 
No inf  5.37 (CH) 14.5 (CH) n.d 100m; n n.d n.d n.d 
Fe2+ Zea mays L,. cv 
Aliceq 
Fe-efficient UNIN -Fe 11 (CH) 9.6 (CH) n.d 30q n.d n.d n.d 
  Fe-efficient IND 
+FeEDTA 
8.6 (IH) 10.9 (IH) n.d 30q n.d n.d n.d 
 Zea mays L,. ysl 
mutantq 
Fe-inefficient UNIN -Fe 1.2 (CH) 10.7 (CH) n.d 30q n.d n.d n.d 
  Fe-inefficient IND 
+FeEDTA 
0.84 (IH) 8.2 (IH) n.d 30q n.d n.d n.d 
Mn2+ Citrus aurantium 
L. (phase 1)r 
No inf  0.06±0.03 (IH) 5.3±2.4 (IH) n.d 0.13s n.d n.d n.d 
 Citrus aurantium 
L. (phase 2)r 
No inf  0.19±0.03 (IH) 7.2±3.3 (IH) n.d 0.13s n.d n.d n.d 
 Citrus aurantium 
L. (phase 3)r 
No inf  1.63±0.04 (IH) 64±4 (IH) n.d 0.13s n.d n.d n.d 
 Hordeum vulgares Tolerant to low level 
of Mn 
Mn-efficient 0.0054±0.0010 
(IH) 
0.0054±0.0018 
(IH) 
0.980 (IH) 
(Regression 
analysis via 
SAS 
program) 
0.13s n.d n.d n.d 
  Not tolerant to low 
level of Mn 
Mn-
inefficient 
0.0014±0.0004 
(IH) 
0.0027±0.0016 
(IH) 
0.998 (IH) 
Regression 
analysis via 
SAS 
program) 
0.13s n.d n.d n.d 
 Hordeum vulgare 
(phase 1)m 
No inf  41.7 (CH) 845 (CH) n.d 0.13s n.d n.d n.d 
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 Hordeum vulgare 
(phase 2)m 
No inf  5.17 (CH) 5.68 (CH) n.d 0.13s n.d n.d n.d 
 Oryza sativa L. 
cv. I.R. 8t 
No inf  5.3 (CH) 630 (CH) n.d 0.13s n.d n.d n.d 
 Saccharun 
officinarum L., 
var. H53-263n 
No inf  5.35 (CH) 16.1 (CH) n.d 0.13s n.d n.d n.d 
Ni2+ Avena sativa L. 
cv. Victoryu 
No inf  2.72 (CH) 
 
12 (CH) 0.98 (CH) 
(Haines-
Woolf plots) 
10u n.d n.d n.d 
Zn2+ Hordeum vulgare 
(phase 1)m 
No inf  20.4 (CH) 420 (CH) n.d 20v n.d n.d n.d 
 Hordeum vulgare 
(phase 2)m 
No inf  5.71 (CH) 16 (CH) 
 
n.d 20v n.d n.d n.d 
 Oryzae sativa L.w Zn-efficient  29 (CH) 6 (CH) n.d 20v n.d n.d n.d 
  Zn-inefficient  57.4 (CH) 13 (CH) n.d 20v n.d n.d n.d 
 Saccharun 
officinarum L., 
var. H53-263n 
No inf  5.88 (CH) 11.1 (CH) n.d 20v n.d n.d n.d 
 Thlaspi 
caerulescensv 
Zn 
hyperaccumulator 
 2.7 (IH) 8 (IH) n.d 20v 0.0357 (IL) n.d n.d 
 Thlaspi arvensev Zn non-accumulator  0.6 (IH) 6 (IH) n.d 20v 0.0315 (IL) n.d n.d 
 Triticum aestivum  
L.y 
Low-Zn tolerant 
(Zn-efficient) 
Zn-deficient 0.109±0.015 
(IH) 
0.6±0.6 (IH) n.d 20v n.d n.d n.d 
  Low-Zn tolerant 
(Zn-efficient) 
Zn-
sufficient 
0.09±0.006 
(IH) 
1.2±0.5 (IH) n.d 20v n.d n.d n.d 
  Low-Zn intolerant 
(Zn-inefficient) 
Zn-deficient 0.309±0.022 
(IH) 
2.3±1 (IH) n.d 20v n.d n.d n.d 
    Low-Zn intolerant 
(Zn-inefficient) 
Zn-
sufficient 
0.097±0.01 
(IH) 
0.7±0.5 (IH) n.d 20v n.d n.d n.d 
           
Non-essential 
  
  
 
      
Al3+  No inf     25z    
As (Arsenate) Holcus lanatus 
L.aa 
As tolerant  0.672±0.195 
(CH) 
565±334 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant  1.578±0.169 
(CH) 
24±11 (CH) n.d 100aa; ab n.d n.d n.d 
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As (Arsenate) Holcus lanatus 
L.ac 
As tolerant Gen a 2.018±0.439 
(CH) 
25±14 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As tolerant Gen b 3.518±0.706 
(CH) 
42±20 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As tolerant Gen c 3.165±0.683 
(CH) 
40±20 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As tolerant Gen d 3.061±0.453 
(CH) 
18±8 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As tolerant Gen e 2.463±0.374 
(CH) 
30±12 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As tolerant Gen f 2.864±0.442 
(CH) 
25±10 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen g 2.99±0.176 
(CH) 
22±7 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen h 4.133±0.549 
(CH) 
35±11 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen i 4.978±0.844 
(CH) 
45±17 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen j 4.942±0.879 
(CH) 
36±15 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen k 5.4±1.15 (CH) 38±19 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate)  As non-tolerant Gen l 4.53±1.011 
(CH) 
49±23 (CH) n.d 100aa; ab n.d n.d n.d 
As (Arsenate) 
 
 
 
Oryzae sativa L. 
(cultivar 
Guangyinzha)ab 
No inf  5.71±1.06 
(CH) 
64.9±18.8 (CH) 0.992 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.01892 (CL) 15.53 (CL) 0.990 (CL) 
(Anova, 
SPSS 
package) 
As (Arsenite)  No inf  4.49±0.65 
(CH) 
39.7±10.6 (CH) 0.990 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.01314 (CL) 8.99 (CL) 0.946 (CL) 
(Anova, 
SPSS 
package) 
As (DMA)  No inf  2.95±0.83 
(CH) 
72.2±30.7 (CH) 0.985 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.00415 (CL) 2.94 (CL) 0.984 (CL) 
(Anova, 
SPSS 
package) 
As (MMA)  No inf  8.28±0.99 
(CH) 
76.4±13.6 (CH) 0.998 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.02212 (CL) 1.94 (CL) 0.988 (CL) 
(Anova, 
SPSS 
package) 
As (Arsenate) Oryzae sativa L. 
(cultivar Handao 
502)ab 
No inf  24.98±4.72 
(CH) 
89.4±22.5 (CH) 0.996 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.00985 (CL) 11.76 (CL) 0.977 (CL) 
(Anova, 
SPSS 
package) 
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As (Arsenite) No inf  6.78±1.53 
(CH) 
71.4±24.5 (CH) 0.990 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.01509 (CL) 1.28 (CL) 0.963 (CL) 
(Anova, 
SPPS 
package) 
As (DMA)  No inf  1.7±0.21 (CH) 17.9±5.5 (CH) 0.977 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.00182 (CL) 1.5 (CL) 0.886 (CL) 
(Anova, 
SPSS 
package) 
As (MMA)  No inf  4.72±1.1 (CH) 40.6±17.2 (CH) 0.974 (CH) 
(Anova, 
SPSS 
package) 
100aa; ab 0.01328 (CL) 4.12 (CL) 0.973 (CL) 
(Anova, 
SPSS 
package) 
As (Arsenate) Lupinus albusad No inf +P (1 week) 1.25±0.16 
(CH) 
37.7±8.8 (CH) 0.9920 (CH) 
(Marquardt–
Levenberg 
algorithm) 
100aa; ab n.d n.d n.d 
As (Arsenate) Lupinus albusad No inf -P (1 week) 1.58±0.10 
(CH) 
26.5±3.7 (CH) 0.9961 (CH_ 
Marquardt–
(Levenberg 
algorithm) 
100aa; ab n.d n.d n.d 
As (Arsenate) Lupinus albusad No inf +P (2 week) 1.81±0.64 
(CH) 
67.4±37.2 (CH) 0.9761 (CH) 
(Marquardt–
Levenberg 
algorithm) 
100aa; ab n.d n.d n.d 
As (Arsenate) Lupinus albusad No inf -P (2 week) 1.62±0.01 
(CH) 
16.2±0.5 (CH) 0.9998 (CH) 
(Marquardt–
Levenberg 
algorithm) 
100aa; ab n.d n.d n.d 
As (Arsenate) Pteris vittata L.ae  As 
hyperaccumulator 
UNIN -P 0.12±0.018 
(CH) 
1.1±0.3 (CH) 0.85 (CH) 
(Hanes-
Woolf linear 
plots) 
100aa; ab n.d n.d n.d 
As (Arsenate) Nephrolepis 
exaltata L.ae 
As non-accumulator UNIN -P 0.144±0.02 
(CH) 
9.9±2.0 (CH) 0.70 (CH) 
(Hanes-
Woolf linear 
plots) 
100aa; ab n.d n.d n.d 
As (Arsenate) Pteris vittata L.ae As 
hyperaccumulator 
IND 
+30 μM P 
0.095±0.008 
(CH) 
6.8±1.9 (CH) 0.83 (CH) 
(Hanes-
Woolf linear 
plots) 
100aa; ab n.d n.d n.d 
As (Arsenate) Nephrolepis 
exaltata L.ae 
As non-accumulator IND 
+30 μM P 
0.097±0.026 
(CH) 
19.9±3.3 (CH) 0.73 (CH) 
(Hanes-
Woolf linear 
plots) 
100aa; ab n.d n.d n.d 
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Cd2+ Pisum sativum L. 
cv Sparkle (Fe-
sufficient)af 
No inf IND +Fe 0.34±0.08 
(CH) 
0.6±0.9 (CH) n.d 10af 0.053±0.0013 
(CL) 
n.d 0.999 (CL) 
(Least 
square 
procedure, 
sigmaPlot) 
 Pisum sativum L. 
cv Sparkle (Fe-
deficient)af 
No inf UNIN –Fe 2.36±0.25 
(CH) 
1.5±0.6 (CH) n.d 10af 0.067±0.004 
(CL) 
n.d 0.999 (CL) 
(Least 
square 
procedure, 
sigmaPlot) 
  Thlaspi 
caerulescens 
(Ganges 
ecotype)ag 
Cd 
hyperaccumulator 
 1.432±0.066 
(CH) 
0.45±0.07 (CH) 0.91 (CH) 
(ANOVA) 
10af n.d n.d n.d 
Co2+   No inf         
Cr(III) Leerdia hexandra 
Swartzah 
No inf Fe 
deficiency 
20.7 (CH) 95.1 (CH) 0.97 (CH) 
(Lineweaver-
Burk) 
150ah n.d n.d n.d 
 No inf Fe(III) 
supply 
15.2 (CH) 
 
252.3 (CH) 0.97 (CH) 
(Lineweaver-
Burk) 
150ah n.d n.d n.d 
Pb2+   No inf              
* Treatment abbreviations: Gen, genotype; IND, induced; UNIN, uninduced; 
** Transition concentration between metal transport systems. 
† High-affinity transport system parameters (CH, constitutive; IH, inducible) 
†† Low-affinity transport system parameters (CL, constitutive; IL, inducible) 
Abbreviations: n.a., not applicable; n.d., not determined; no inf, no information found; DMA, Dimethylarsinic acid; MMA, monomethylarsonic acid. 
References: 
a[79]; b[80]; c[81]; d[82]; e[83]; f[84]; g[21]; h[85]; j[86]; k[87]; l[88]; m[90]; n[92]; p[95]; q[96]; r[89]; s[33]; t[91]; u[97]; v[38]; w[93]; y[94]; z[98]; aa[34]; 
ab[99]; ac[100]; ad[101]; ae[35]; af[37]; ag[102]; ah[103]  
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Table 5. Metal contents in soil at each plant species collection site. Values are given as the mean ± standard errors (n=3). 
Metal Site Family Plant species 
Transition concn*  
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Al 1/7 Myrtaceae Corymbia xanthope 0.1011a 1.98±0.38 11845±403 0.02±0.00 
 2/1   0.1011a 0.22±0.18 15408±3088 0.00±0.00 
 5/15     0.1011a 2.24±0.19 20645±1599 0.01±0.00 
 1/4 Myrtaceae Eucalyptus fibrosa  0.1011a 1.34±0.2 11579±96 0.01±0.00 
 1/5   0.1011a 2.46±0.07 13166±177 0.02±0.00 
 5/18   0.1011a 0.38±0.08 20920±6931 0.00±0.00 
 8/11     0.1011a 3.68±0.41 44501±1235 0.01±0.00 
 Mor-1 Myrtaceae Eucalyptus 
tereticornis 
0.1011a 275.2±2.28 46786±3260 0.59±0.05 
 4/3  0.1011a 0.86±0.29 46385±216 0.00±0.00 
  7/2     0.1011a 0.58±0.04 45595±1317 0.00±0.00 
 4/9 Poaceae Aristida vagans 0.1011a 8.62±1.39 40410±1523 0.02±0.00 
 5/10     0.1011a 0.85±0.22 29718±2679 0.00±0.00 
 4/7 Poaceae Sorghum nitidum 
forma aristatum 
0.1011a 1.19±0.23 47910±334 0.00±0.00 
 6/3   0.1011a 4.87±1.32 26216±2188 0.02±0.00 
 1/11 Poaceae Themeda triandra 0.1011a 1.69±0.13 12420±161 0.01±0.00 
  8/6     0.1011a 3.90±0.62 37005±416 0.01±0.00 
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Table 5. contd 
Metal Site Family Plant species 
Transition concn* 
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Cu 4/9 Poaceae Aristida vagans 0.95319b, c 0.19±0.03 13±0 1.5±0.25 
 5/10     0.95319b, c 0.04±0.01 36±1 0.11±0.02 
 1/4 Myrtaceae Eucalyptus fibrosa 0.95319b, c 0.16±0.02 24±0 0.67±0.07 
 5/18     0.95319b, c 0.07±0.01 46±1 0.16±0.01 
 4/9 Poaceae Aristida vagans 0.95319b, c 0.19±0.03 13±0 1.5±0.25 
 5/10     0.95319b, c 0.04±0.01 36±1 0.11±0.02 
 WTP239 Poaceae Melinis repens 0.95319b, c 1±0.02 32±1 3.14±0.1 
 WTP243     0.95319b, c 3.2±0.03 128±0 2.51±0.02 
 1/11 Poaceae Themeda triandra 0.95319b, c 0.05±0.01 27±6 0.2±0.05 
  8/6     0.95319b, c 0.25±0.01 47±0 0.53±0.03 
Fe WTP237 Mimosaceae Acacia salicina 0.2513d 1.31±0.06 45238±1159 0.00±0.00 
 Mor-5     0.2513d 6.88±1.83 49111±829 0.01±0.00 
 
Mor-1 Myrtaceae Eucalyptus 
tereticornis 
0.2513d 12.83±1.09 65086±801 0.02±0.00 
 4/3  0.2513d 0.95±0.21 23665±103 0.00±0.00 
 7/2     0.2513d 0.68±0.08 28048±344 0.00±0.00 
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Table 5 contd 
Metal Site Family Plant species 
Transition concn* 
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Fe 2/10 Poaceae Panicum Mitchellii 0.2513d 6.81±1.71 129498±2933 0.01±0.00 
 8/12     0.2513d 0.40±0.09 66675±2659 0.00±0.00 
 4/7 Poaceae Sorghum nitidum 
forma aristatum 
0.2513d 1.49±0.24 33611±263 0.00±0.00 
  6/3   0.2513d 8.10±0.14 45133±297 0.02±0.00 
Mn 2/7 Cyperaceae Scleria mackaviensis 0.0010e 0.21±0.03 1570±6 0.01±0.00 
 4/8   0.0010e 1.77±0.12 1147±4 0.15±0.01 
 5/12   0.0010e 2.65±0.28 1279±3 0.21±0.02 
 8/8     0.0010e 13.73±0.77 2373±767 0.84±0.41 
 
1/2 Mimosaceae Acacia leptostachya 0.0010e 11.66±0.10 2453±59 0.48±0.01 
 1/3   0.0010e 12.56±0.40 4807±85 0.26±0.01 
 2/4   0.0010e 2.96±0.09 2146±10 0.14±0.00 
 5/9     0.0010e 10.17±0.25 1688±12 0.6±0.02 
 WTP237 Mimosaceae Acacia salicina 0.0010e 48.64±0.63 1659±17 2.93±0.05 
  Mor-5     0.0010e 2.26±0.34 661±27 0.34±0.04 
 1/12 Poaceae Heteropogon 
contortus 
   0.0010e 8.65±0.17 3248±49 0.27±0.01 
 4/5        0.0010e 0.94±0.16 904±13 0.1±0.02 
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Table 5 contd 
Metal Site Family Plant species 
Transition concn* 
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Mn 
2/10 Poaceae Panicum Mitchellii 0.0010e 0.42±0.04 1707±26 0.02±0.00 
 8/12     0.0010e 7.42±0.09 2724±131 0.27±0.01 
 4/7 Poaceae Sorghum nitidum 
forma aristatum 
0.0010e 1.77±0.12 1147±4 0.15±0.01 
 6/3   0.0010e 0.67±0.15 1440±31 0.05±0.01 
 3/1 Thymelaeaceae Pimelea 
leptospermoides 
0.0010e 16.69±0.08 3291±25 0.51±0.00 
 5/6   0.0010e 5.3±0.02 1844±25 0.29±0.00 
  8/1     0.0010e 1.34±0.04 3030±63 0.04±0.00 
Ni 2/7 Cyperaceae Scleria mackaviensis 0.08804f 0.54±0.09 4417±132 0.01±0.00 
 4/8   0.08804f 0.33±0.05 655±6 0.05±0.01 
 5/12   0.08804f 6.17±0.42 2799±58 0.22±0.01 
 8/8     0.08804f 0.49±0.01 744±238 0.09±0.04 
 1/2 Mimosaceae Acacia leptostachya 0.08804f 31.49±0.04 2030±23 1.55±0.02 
 1/3   0.08804f 17.43±0.35 1751±68 1.00±0.04 
 2/4   0.08804f 7.73±0.19 5732±527 0.14±0.01 
 5/9   0.08804f 3.38±0.06 3040±65 0.11±0 
 8/9     0.08804f 0.37±0.03 1006±21 0.04±0 
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Table 5 contd 
Metal Site Family Plant species 
Transition concn*  
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Ni 1/6 Myrtaceae Corymbia xanthope 0.08804f 22.47±0.17 1976±93 1.14±0.05 
 2/1   0.08804f 2.28±0.13 3786±268 0.06±0 
  5/15     0.08804f 5.38±0.23 2940±124 0.18±0.01 
 1/4 Myrtaceae  Eucalyptus fibrosa  0.08804f 7.75±0.07 1816±22 0.43±0.01 
 1/5   0.08804f 21.93±0.18 2006±54 1.1±0.04 
 5/18   0.08804f 4.55±0.07 6193±297 0.07±0 
 8/11   0.08804f 0.86±0.01 851±15 0.10±0.00 
 2/2     0.08804f 6.68±1.57 3472±43 0.19±0.05 
 1/10 Poaceae Cymbopogon refractus  0.08804f 21.94±0.24 2444±99 0.9±0.04 
 8/4     0.08804f 0.36±0.07 1010±16 0.04±0.01 
 
1/12 Poaceae Heteropogon contortus 0.08804f 6.02±0.04 2726±254 0.23±0.02 
 4/5   0.08804f 0.42±0.26 418±6 0.1±0.06 
 8/7     0.08804f 0.5±0.03 831±40 0.06±0.01 
 3/1 Thymelaeaceae Pimelea 
leptospermoides 
0.08804f 29.49±0.48 6516±134 0.45±0.01 
 5/6  0.08804f 4.53±0.1 2792±224 0.16±0.01 
  8/1     0.08804f 0.06±0.02 1050±18 0.01±0.00 
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Table 5. contd 
Metal Site Family Plant species 
Transition concn* 
(mg.kg-1 DW) 
Plant available 
metal in soil  
(mg.kg-1 DW) † 
Total metal in 
soil 
(mg.kg-1 DW) 
% of total 
metal 
available 
Zn WTP237 Mimosaceae Acacia salicina 0.19614g 8.64±0.11 1823±45 0.47±0.01 
 Mor-5     0.19614g 0.17±0.06 206±3 0.08±0.03 
 1/4 Myrtaceae  Eucalyptus fibrosa  0.19614g 0.05±0.00 72±1 0.07±0.01 
 1/5   0.19614g 0.1±0.01 78±1 0.13±0.01 
 5/18   0.19614g 0.03±0.00 133±1 0.02±0.00 
 8/11     0.19614g 0.1±0.00 49±1 0.2±0.01 
 5/11 Poaceae Aristida 
queenslandica var. 
queenslandica 
0.19614g 0.03±0.00 153±5 0.02±0.00 
 8/5   0.19614g 0.07±0.01 61±0 0.11±0.02 
 4/9 Poaceae Aristida vagans 0.19614g 0.03±0.01 38±2 0.07±0.03 
  5/10     0.19614g 0.03±0.00 127±1 0.03±0 
* Transition metal concentration between the two transport systems HATS and LATS (mg plant available metal.kg-1 soil DW) taken from the literature 
(see Table 4) and converted from µM into mg metal.kg-1 soil DW, assuming water content of the soil samples for plant uptake is 15 % (w/w) [78]. 
†Plant available metal in soil (0.01 M CaCl2 extraction) (mg plant available metal.kg-1 soil DW). 
References: a[98]; b[92]; c[90]; d[96]; e[33]; f[97]; g[38]. 
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Table 6. LATS metal uptake parameters derived from field collected plant species. Parameter values are given as the mean for each species across all 
sites.  
 
Metal Family Plant Species 
Plant metal tolerance 
characteristics 
Plant 
part 
Transition 
concn * 
Field LATS parameters† 
(mg.kg-1) Slope                  
Intercept 
(mg.kg-1) 
R2 
Al Myrtaceae Corymbia xanthope No inf L(n+o) 0.1011d 29.141 8.6059 0.7868 
 
    L (s)  0.1011d 13.593 14.241 0.7795 
 
 Eucalyptus fibrosa  No inf L 0.1011d 23.478 1.0427 0.7304 
 
Eucalyptus 
tereticornis 
New Al-hyperaccumulator  
[L]=4733 mg kg-1 **a  
Sh, L 0.1011d 17.203 14.206 0.5468 
Poaceae Aristida vagans  No inf L, 0.1011d 31.74 90.498 0.8603 
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L+St 
 
Sorghum nitidum 
forma aristatum 
New Al-hyperaccumulator  
[L]=1594 mg.kg-1 **a 
L 0.1011d 246.55 227.22 0.7556 
    Themeda triandra No inf Sh, L 0.1011d 9.5844 104.81 0.6024 
Cu Poaceae Melinis repens No inf L 0.9532e; f 1.6794 0.4515 0.8027 
        R  0.9532e; f 6.3537 2.7007 0.9865 
 Fe Poaceae Panicum mitchellii No inf Sh, L  0.2513g 66.49 362.95 0.6756 
  
Sorghum nitidum 
forma aristatum 
New Fe-accumulator 
[L]=1043 mg.kg-1**a 
L 0.2513g 101.69 212.32 0.8490 
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Table 6. contd 
Metal Family Plant Species 
Plant metal 
tolerance 
characteristics 
Plant part 
Transition 
concn * 
Field LATS parameters† 
(mg.kg-1) Slope                  
Intercept 
(mg.kg-1) 
R2 
Mn Cyperaceae Scleria mackaviensis No inf L 0.0010h 19.522 7.6135 0.9293 
 
  L (s) 0.0010h  3.3637 80.043 0.8934 
   
R 0.0010h 19.094 161.38 0.56 
 
Mimosaceae Acacia leptostachya Mn-tolerantb Sh, L 0.0010h 3.3963 8.3752 0.6261 
Acacia salicina No inf Sh, L 0.0010h 17.991 133.04 0.9910 
Myrtaceae Corymbia xanthope No inf L 0.0010h 14.36 0.2813 0.8128 
    L (s)  0.0010h 9.1225 24.588 0.9952 
Eucalyptus 
tereticornis 
No inf Sh, L 0.0010h 124.39 35.516 0.9640 
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Poaceae Aristida 
queenslandica var. 
queenslandica 
No inf L 0.0010h 8.5334 19.411 0.9196 
 
  R  0.0010h 35.185 66.616 0.9914 
 
Cymbopogon 
refractus  
No inf Sh, L 0.0010h 5.8396 36.571 0.8465 
 
Heteropogon 
contortus 
No inf Sh, L 0.0010h 3.3584 59.967 0.8788 
   
Sh, L (s)  0.0010h 27.51 68.123 0.6909 
 
    R 0.0010h 54.151 25.262 0.9910 
  
Panicum mitchellii No inf Sh, L 0.0010h 5.18 17 23.124 0.9195 
    
Sorghum nitidum 
forma aristatum 
No inf L 0.0010h 15.718 38.271 0.7156 
    R 0.0010h 130.88 14.8 0.9361 
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Metal Family Plant Species 
Plant metal tolerance 
characteristics 
Plant 
part 
Transition 
concn * 
Field LATS parameters† 
(mg.kg-1) Slope                  
Intercept 
(mg.kg-1) 
R2 
Mn  Thymelaeaceae 
Pimelea 
leptospermoides 
No inf Sh, L 0.0010h 2.2261 91.13 0.9072 
 
 
  
R 0.0010h 1.6264 43.194 0.701 
Ni Cyperaceae Scleria mackaviensis No inf R 0.088i 42.648 37.858 0.7746 
 
Mimosaceae Acacia leptostachya No inf Sh, L 0.088i 1.7253 3.9785 0.6713 
 
Myrtaceae Corymbia xanthope New Ni-accumulator L (n) 0.088i 4.4143 17.703 0.9103 
  
  [L]=115 mg.kg-1**a    
 
  
  
 
   Eucalyptus fibrosa  No inf L(n+o) 0.088i 2.3518 1.2029 0.6808 
 
Poaceae 
Cymbopogon 
refractus  
No inf R 0.088i 6.1507 0.037 0.9997 AC
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Heteropogon 
contortus 
Ni-accumulatorc L 0.088i 0.3423 2.0938 0.7656 
      L (s)  0.088i 2.3294 0.0816 0.9991 
 
Thymelaeaceae 
Pimelea 
leptospermoides 
Known Ni-
hyperaccumulator 
[S]=2303 mg.kg-1**a 
Sh, L 0.088i 78.026 0.1083 0.9942 
 
 
 
 
R 0.088i 10.676 0.6773 0.998 
 Zn Mimosaceae Acacia salicina No inf Sh, L 0.1961j 72.532 4.9496 0.9947 
* Transition concentration between transport systems (mg plant available metal.kg-1 soil DW). 
† Low-affinity transport system parameters: Slope, ([mg.kg-1 plant DW]/[mg available metal.kg-1 soil DW]); Intercept, (mg metal.kg-1 plant DW); R2, coefficient of 
determination. Field LATS combines both constitutive and inducible uptake via the high and low affinity transport systems. 
Definitions: ** Leaf, shoot. root [L,S,R] Al content >1000 mg Al.kg-1 [L=1000] foliar threshold value for hyperaccumulator; or Fe content >500 mg Fe.kg-1 [L=500] foliar 
threshold value for accumulator; or Ni content > 100 mg Ni.kg-1 [L=100] foliar threshold value for accumulator, or > 2000 mg Ni.kg-1 [L=2000] foliar threshold value for 
hyperaccumulator. Abbreviations: L, leaf; n, new growth; o, old growth; s, senescent; Sh, shoot; St, stem; R, root; No inf, no information available in the literature. 
References: a[104]; b[105]; c[106]; d[98]; e[90]; f[92]; g[96]; h[33]; i[97]; j[38]. 
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Table 7. HATS metal uptake parameters derived from field collected plant species. Parameter values are given as the mean for each species across all 
sites.  
 
Metal Family Plant Species Plant metal 
tolerance 
characteristic
s 
Plant part 
Transitio
n concn* 
Field HATS parameters† 
        (mg.kg-1) 
Vmax           
(mg.kg-1) 
Km               
(mg.kg-1) 
R2 
Cu Myrtaceae  Eucalyptus fibrosa  No inf R 0.9531a; b 6.5963 0.2058 0.7734 
 
Poaceae Aristida vagans No inf L, L+St 0.9531a; b 13.0718 0.0967 0.6405 
    Themeda triandra No inf Sh, L 0.9531a; b 7.7881 0.0404 0.7813 
Zn Myrtaceae  Eucalyptus fibrosa  No inf L 0.1961c 12.8205 0.0730 0.7003 
 
Poaceae 
Aristida 
queenslandica var. 
queenslandica 
No inf R 0.1961c 312.50 0.4062 0.8724 
    Aristida vagans No inf L, L+St 0.1961c 27.5482 0.0110 0.9869 
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* Transition concentration between transport systems (mg plant available metal.kg-1 soil DW). 
† High-affinity transport system parameters: Vmax, (mg metal.kg-1 plant DW); Km, (mg metal.kg-1 soil DW); R2, coefficient of determination using the Lineweaver-Burk 
method. Field HATS combines both constitutive and inducible uptake. 
Abbreviations: L, leaf; Sh, shoot; St, stem; R, root; No inf, no information available in the literature. 
References: a[90]; b[92]; c[38]. 
 
Table 8. Total metal content in plant parts growing in mine sites and serpentine areas. Values are given as the mean ± standard errors (n=3). 
 
        Metal content in plant part (mg metal.kg plant DW-1)   
Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Al Myrtaceae Corymbia xanthope 1/7  72.69±2.89 42.92±6.12   
  
  
2/1  11.54±3.90 15.47±0.51   
      5/15   71.08±17.34     
  Myrtaceae  Eucalyptus fibrosa  1/4  10.18±5.26    
  
  
1/5a  66.65±13.32    
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5/18  22.96±0.12    
      8/11   88.70±15.12     
  Myrtaceae Eucalyptus tereticornis Mor-1 4733±2648     
  
  
4/3  39.04±2.87    
      7/2   31.36±7.75     
  Poaceae Aristida vagans 4/9  366.5±37.4    
      5/10 66.29±23.58
s       
  Poaceae Sorghum nitidum 4/7  354.7±25.9    
      6/3   1594±178     
  Poaceae Themeda triandra 1/11  120.4±9    
      8/6 152.3±5.4       
 
Table 8. contd 
        Metal content in plant part (mg metal.kg plant DW-1)   
Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Cu Myrtaceae Eucalyptus fibrosa  1/4  
  
2.96±0.39 
      5/18       1.76±0.18 
  Poaceae Aristida vagans 4/9  11.19±1.22 
 
  
      5/10 8.22±0.52s       
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  Poaceae Melinis repens WTP239  2.1±0.27 
 
9.03±0.50 
      WTP234 5.84±0.83
s     23.01±0.63 
  Poaceae Themeda triandra 1/11   4.65±1.11 
 
  
      8/6 6.48±0.32       
Fe Mimosaceae Acacia salicina WTP237   88.79±7.76     
      Mor-5 128.9±17.3       
  Myrtaceae Eucalyptus tereticornis Mor-1 190.5±25.6     
    4/3  46.09±3.76    
      7/2   49.19±22.83     
  Poaceae Panicmum mitchellii 2/10 882.5±88.1     
      8/12   323±18.5     
  Poaceae Sorghum nitidum 4/7  356.9±27.9    
      6/3   1043±125     
 
Table 8. contd 
        Metal content in plant part (mg metal.kg plant DW
-1) 
Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Mn Cyperaceae Scleria mackaviensis 2/7  10.54±0.05  164.0±8.7 
    4/8  41.19±0.63 86.35±4.96 196.6±8.2 
    5/12  61.57±2.31  98.5±8.0 
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      8/8     125.9±6.7   
  Mimosaceae Acacia leptostachya 1/2 57.95±1.82     
    1/3a  56.14±5.18    
    1/3b  47.68±3.87    
    2/4  19.88±0.95    
      5/9   29.72±1.31     
  Mimosaceae Acacia salicina WTP237  1009±24    
      Mor-5 172.7±19.5       
  Myrtaceae Corymbia xanthope 1/7  220.9±9.3 153.4±4.07   
    2/1  45.15±2.72 34.89±2.48   
      5/15   34.5±3.51     
  Myrtaceae Eucalyptus tereticornis Mor-1 1593±7.72     
    4/3  244±7.5    
      7/2   129.6±2.6     
 
Table 8. contd 
        Metal content in plant part (mg metal.kg plant DW
-1) 
Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Mn Poaceae Aristida queenslandica 5/11  42.88±0.5  167.8±0.6 
      8/5   157.2±11.4   630.5±9.6 
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  Poaceae Cymbopogon refractus  1/10 87.87±5.83     
      8/4   60.39±1.90     
  Poaceae Heteropogon contortus 1/12  88.94±1.31 309.2±66.4 493.5±24.5 
      4/5 63.22±4.9   90.96±1.37
s 76.6±3.5 
  Poaceae Panicmum mitchellii 2/10 25.18±0.86     
      8/12   61.69±4.96     
  Poaceae Sorghum nitidum  4/7  67.54±1.84  268.6±9.7 
      6/3   47.41±3.62   98.59±9.08 
  Thymelaeaceae Pimelea leptospermoides 3/1 129.6±2.2   63.62±6.46 
    5/6  97.79±2.42  45.8±10.65 
      8/1   97.91±0.14   54.14±11.7 
 
 
 
Table 8. contd 
        Metal content in plant part (mg metal.kg plant DW-1) 
Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Ni Cyperaceae Scleria mackaviensis 2/7    140.9±7.7 
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    4/8    25.03±0.61 
    5/12    305.2±17.9 
      8/8       1.72±0.22 
  Mimosaceae Acacia leptostachya 1/2 71.15±0.62     
    1/3a  22.31±2.03    
    1/3b  24.73±0.62    
    2/4  3.96±0.12    
    5/9  28.86±2.69    
      8/9   7.15±1.71     
  Myrtaceae Corymbia xanthope 1/6  114.6±2.6n    
    2/1  14.61±0.17    
      5/15   56.9±2.67     
  Myrtaceae Eucalyptus fibrosa  1/4      
    1/5  38.31±2.98    
    1/5  65.26±3.69o    
    2/2  42.52±0.06    
    5/18  0.52±0.06    
    5/18  1.32±0.23n    
      8/11   0.66±0.05     
Table 8. contd 
        Metal content in plant part (mg metal.kg plant DW-1) 
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Metal Family Plant Species Site ShootS Leaves Senescent leavesS Root 
Ni Poaceae Cymbopogon refractus  1/10    139.3±5.6 
      8/4       1.64±0.6 
  Poaceae Heteropogon contortus 1/12  4.16±0.46 20.27±6.09   
    4/5      
      8/7   2.25±0.2 1.24±0.19   
  Thymelaeaceae Pimelea leptospermoides 3/1 2304±71.4   332.5±19.3 
    5/6  349.0±12.9  45.6±4.92 
      8/1   6.55±0.39   4.16±0.44 
Zn Mimosaceae Acacia salicina WTP237  631.6±28.5    
      Mor-5 17.94±2.04       
  Myrtaceae Eucalyptus fibrosa  1/4  6.86±0.27    
    1/5  7.46±0.65    
    5/18  3.56±0.09    
      8/11   6.59±0.87     
  Poaceae Aristida queenslandica 5/11    18.29±0.34 
      8/5       41.62±0.88 
  Poaceae Aristida vagans 4/9  14.19±0.81    
      5/10   20.89±0.44s     
 
Abbreviations: Aristida queenslandica: Aristida queenslandica var. queenslandica 
   Sorghum nitidum: Sorghum nitidum forma aristatum 
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Symbols :        n : new leaves 
             o : old leaves 
      S : or stem + leaves 
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